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To Richard
Come what may…jar of joy
To my mother
Thank you
The fear of trying is what holds you back,
the sooner you try and the sooner you fail, it all goes up hill from there. 
Success is not final, failure is not fatal: “It is the courage to continue that counts”.
Winston Churchill.
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Summary
In 2006, Raghoebarsing et al. reported a microbial consortium of NC10 bacteria and 
ANME2d archaea, capable of anaerobic oxidation of methane (AOM) using nitrite and nitrate 
as electron acceptors. This process is known as nitrate- or nitrite-dependent anaerobic 
oxidation of methane (nitrate- or nitrite-AOM). Since then, numerous studies reported the 
detection of these processes and the responsible microorganisms in a broad range of natural 
and man-made environments, including wastewater treatment plants, whereas only a few 
enrichment cultures have been documented. Two distinct groups of microorganisms are able 
to oxidize methane coupled to the reduction of nitrite or nitrate. The bacterium ‘Candidatus 
Methylomirabilis oxyfera’, member of the NC10 phylum, is responsible for the nitrite-AOM, 
while nitrate-AOM is catalyzed by the archaeon ‘Candidatus Methanoperedens nitroreducens’ 
a member of the ANME-2d group. This thesis describes several highly enriched bioreactor 
cultures of microorganisms capable of nitrate- and nitrite-AOM. The overall focus of the work 
described herein is the ecophysiology and growth characteristics of these enrichment cultures. 
These aspects are crucial to understand the microbial ecology in nature and to determine the 
feasibility for their potential biotechnological application in wastewater treatment.
Chapter 1 introduces the current state-of-the-art of nitrate- and nitrite-AOM research, while 
highlighting the open questions that are addressed throughout this thesis. Emphasis is given 
to the relationship between nitrate- and nitrite-dependent methane oxidizers, since they 
generally occur in co-cultures. The open questions that need to be answered on the physiology 
and growth of the nitrate- and nitrite-AOM microorganisms are highlighted. Moreover, the 
opportunities for application in wastewater treatment are introduced. 
The following 2 experimental chapters of this thesis focus on the microbial ecology of both 
nitrate- and nitrite-dependent methane oxidizers.
Chapter 2 describes the community composition, and microbial-ecology of nitrate- and nitrite-
dependent methane oxidizers; in an enrichment culture dominated by ‘Ca. Methanoperedens 
nitroreducens’-like archaea (40%) and ‘Ca. Methylomirabilis oxyfera’-like bacteria (50%). 
Supplied with only nitrate as electron acceptor and methane as electron donor, both groups 
of microorganisms co-existed closely associated in dense aggregates, most likely due to a 
dependency for nitrite as intermediate substrate or nitrite detoxification. Methanoperedens 
archaea reduced nitrate coupled to methane oxidation and produced nitrite as an intermediate. 
On average, 10% of the produced nitrite was consistently converted to ammonium by the 
Methanoperedens archaea. The remaining 90% was consumed by Methylomirabilis bacteria, 
which further reduced nitrite to dinitrogen gas while anaerobically oxidizing methane.  
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Chapter 3 describes nitrate-AOM in an new enrichment culture inoculated with a soil sample 
from an Italian paddy field, a very important environmental source of methane emissions. After 
2 years of enrichment, the microbial community was dominated by both nitrate- and nitrite-AOM 
microorganisms (22% Methanoperedens archaea and 15% Methylomirabilis bacteria). From 
the sequenced metagenome, a high-quality genome of a new species of Methanoperedens 
archaea was assembled and named ‘Candidatus Methanoperedens nitroreducens Vercelli’. 
The new species was 96 % similar at the 16S rRNA gene level and had average nucleotide 
identity of 78.4%, to ‘Ca. Methanoperedens nitroreducens’. The dominant methane-oxidizing 
bacterium was a ‘Ca. Methylomirabilis oxyfera’-like species with a 99% similarity at the 16S 
rRNA gene level to ‘Ca. Methylomirabilis oxyfera’. Similarly, as in Chapter 2, Methanoperedens 
archaea reduced nitrate to nitrite, which was used by Methylomirabilis bacteria as electron 
acceptor for methane oxidation. The findings of this research confirm the close metabolic 
connection of both anaerobic methane oxidizers. 
The next two chapters study relevant physiological aspects from highly enriched cultures 
dominated by one anaerobic methane oxidizing microorganism, furthermore they highlight the 
relevance of specific growth factors.
In Chapter 4, the nitrite-AOM process is studied in a culture that does not contain any ‘Ca. 
Methanoperedens nitroreducens’-like species. The enrichment conditions of a pre-existing 
enrichment culture dominated by ‘Ca. Methylomirabilis oxyfera’, which had a small side 
population of ‘Ca. Methanoperedens nitroreducens’-like archaea, was modified. Nitrite was 
the only electron acceptor, cerium was added to the trace element solution, and biomass 
removal was implemented. This resulted in the disappearance of the archaeal population 
and a new species of Methylomirabilis-like bacteria was enriched. This Methylomirabilis-like 
bacteria accounted for 67% of the community. We determined the apparent biomass yield in 
a range from 0.06 – 0.09 Cmole NO2
-
mole
-1 and approximate doubling time of 5 days. In addition, 
we determined for the first time, the apparent affinity constant for dissolved methane to be 2.6 
± 0.7 µM, and were able to estimate the nitrite affinity at 7 µM. The genome of this species is 
described in Chapter 6.
Chapter 5 describes the upscaling of the bioreactor system described in Chapter 3. The 
reactor was supplemented with additional iron as a trace element, subjected to a shorter 
solid retention time (SRT) and biomass removal. This triggered biomass growth and 
resulted in the highest enrichment of a ‘Candidatus Methanoperedens nitroreducens”-like 
microorganism reported to date. Our Methanoperedens archaea accounted for 83% relative 
abundance based on the metagenome reads and FISH analysis. Interestingly, the presence of 
‘Ca. Methylomirabilis oxyfera’ decreased, and accounted for only  2% of the total population 
(based on the same criteria). This is a striking result considering both organisms were equally 
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dominant in the seed inoculum. Furthermore, we investigated the metabolic response of 
‘Ca. Methanoperedens nitroreducens Vercelli’ to 5 % oxygen (v:v in the headspace) in batch 
incubations. Both activity measurements and (meta)transcriptome analyses were performed. 
The response to oxygen exposure was characterized by overall downregulation of the nitrate 
reducing pathway (narG, nrfA) and the reverse methanogenesis pathway (with mcrA as marker 
gene). In contrast, the upregulation of genes encoding for proteins involved in oxygen stress 
response, such as thioredoxins, rubrerythrins, superoxide dismutase, Iron-Sulfur assembly 
proteins, and rubredoxins; was observed. The later response is similar to that of the canonical 
methanogenic Archaea with a self-repair strategy against oxidative stress. 
Chapter 6 describes a new species of Methylomirabilis-like bacteria (enrichment description in 
Chapter 4). The draft genome of the new species ‘Candidatus Methylomirabilis lanthanidiphila’ 
was extracted from the metagenome sequencing data, the average nucleotide identity of this 
new genome and the 16S rRNA similarity compared to ‘Ca. Methylomirablis oxyfera’ were 82.3% 
and 97.5%, respectively. The genome of the new species encoded only for a single lanthanide-
dependent XoxF-type methanol dehydrogenase (XoxF-MDH), a key enzyme that catalyzes 
methanol conversion to formaldehyde. Whether this new species was present but overlooked, 
and outcompeted the original relative due to the changes in cultivation and the presence of 
Cerium; remains unresolved. Nevertheless, this new Methylomirabilis species constitutes 
the second highly enriched member of NC10 phylum bacteria able to perform nitrite-AOM, a 
feature that remains exclusive to the genus Methylomirabilis thus far.
In this thesis the close relationship between nitrate- and nitrite-methane oxidizers is described, 
and several relevant aspects of the physiology of these microorganisms were determined. The 
nitrate-dependent methane-oxidizing ‘Ca. Methanoperedens’-like archaea reduce nitrate, 
producing nitrite as intermediate, thus supporting the co-enrichment of the nitrite-dependent 
methane-oxidizing ‘Ca. Methylomirabilis’-like bacteria. Additionally, the nitrate-dependent 
archaea are able to produce ammonium. However, their full DNRA potential cannot be 
investigated under the conditions described in this thesis, since these archaea always co-occur 
with a bacterial partner, usually Methylomirabilis bacteria. This thesis provides useful data 
regarding key aspects of the affinities for substrates (methane, nitrite) and biomass growth 
in enrichment cultures. These findings from the perspective of bioreactor enrichments, can 
be used to model and investigate the performance of nitrate- and nitrite-dependent methane 
oxidizers and their possible interactions and/or competitions in a complex microbial community 
such as in wastewater treatment systems. 
Chapter 7, summarizes the findings that are presented in this thesis. An outlook is given 
regarding the physiological aspects and environmental relevance of nitrate- and nitrite-
dependent methane oxidizers. Ultimately, their potential applications for the removal of 
dissolved methane and nitrogenous pollutants from wastewater treatment is discussed.
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Samenvatting
Samenvatting
In 2006, beschreef Raghoebarsing et al. voor het eerst de microbiële samenwerking tussen NC10-
bacteriën en ANME2d archaea, waarbij methaan anaeroob wordt geoxideerd (AOM) met nitriet 
en nitraat als elektronenacceptoren. Dit proces staat bekend als nitraat- en nitrietafhankelijke 
anaerobe oxidatie van methaan (nitraat- of nitriet-AOM). Sinds deze ontdekking hebben tal 
van moleculaire studies deze processen en de verantwoordelijke micro-organismen gevonden 
in natuurlijke en mens gemaakte milieus, waaronder afvalwaterzuiveringsinstallaties. 
Ondanks de aanwezigheid in verschillende milieus zijn er maar een paar verrijkingsculturen 
gedocumenteerd. Twee verschillende groepen micro-organismen zijn in staat om methaan 
te oxideren gekoppeld aan de reductie van nitriet of nitraat. De bacterie ‘Candidatus 
Methylomirabilis oxyfera’, lid van de phylum van de NC10, is verantwoordelijk voor de nitriet-
AOM, terwijl de archaea ‘Candidatus Methanoperedens nitroreducens’, een lid van de ANME2d 
groep, verantwoordelijk is voor de nitraat-AOM. Dit proefschrift beschrijft verschillende sterk 
verrijkte bioreactorculturen van nitraat- en nitrietafhankelijke AOM micro-organismen. De 
algemene focus van het hier beschreven werk is de eco-fysiologie en groeikenmerken van deze 
verrijkingsculturen, en de milieurelevantie van de verantwoordelijke micro-organismen. Deze 
aspecten zijn cruciaal om de microbiële ecologie in de natuur te begrijpen en om de haalbaarheid 
te bepalen voor hun potentiële biotechnologische toepassing in afvalwaterzuivering.
Hoofdstuk 1 introduceert de huidige stand van zaken met betrekking tot nitraat- en 
nitrietafhankelijke AOM onderzoek. De nadruk wordt gelegd op de nauwe relatie tussen 
de nitraat- en nitrietafhankelijke methaan oxiderende micro-organismen aangezien ze 
in het algemeen in co-culturen voorkomen. De mogelijkheden voor de toepassing in 
afvalwaterzuivering worden geïntroduceerd, met aandacht voor de open vragen die in dit 
proefschrift worden beantwoord door middel van onderzoek naar de fysiologie en de groei van 
Methanoperedens archaea en Methylomirabilis-bacteriën.
Hoofdstuk 2 beschrijft de samenstelling van de microbiële levensgemeenschap, microbiële 
ecologie en de ultrastructuur van nitraat- en nitrietafhankelijke methaanoxiderende micro-
organismen in een reeds bestaande verrijkingscultuur gedomineerd door ‘Candidatus 
Methanoperedens nitroreducens’-achtige archaea (40%) en ‘Candidatus Methylomirabilis 
oxyfera’-achtige bacteriën (50%).  Door continue aanvoer van methaan en nitraat als 
enige elektron donor en acceptor, bestonden beide groepen van micro-organismen naast 
elkaar in dichte clusters, hoogstwaarschijnlijk als gevolg van een afhankelijkheid voor een 
tussenproduct of het afbreken van giftige producten. Methanoperedens archaea reduceerde 
nitraat tijdens methaan oxidatie waarbij nitriet werd geproduceerd als een tussenproduct. 
Gemiddeld werd 90% van het geproduceerde nitriet gebruikt door Methylomirabilis bacteriën, 
die nitriet verder reduceerden tot stikstofgas terwijl anaëroob methaan werd geoxideerd. In 
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deze verrijkingscultuur werd ook  ammonium geproduceerd. Gemiddeld werd 10% van het 
toegevoerde nitraat omgezet in ammonium, hoogstwaarschijnlijk door  Methanoperedens 
archaea. Gebaseerd op resultaten van metabole modellen en eerdere batch-incubaties was 
bekend dat deze archaea dissimilerende nitrietreductie naar ammonium (DNRA) kunnen 
uitvoeren, maar tot nu was dit niet gedocumenteerd in N-dAMO-verrijkingsculturen. Dit 
hoofdstuk behandelt ook de ultrastructuur van Methanoperedens archaea met behulp van 
elektronenmicroscopische methoden, hoewel er meer aandacht wordt besteed aan de eco-
fysiologie van nitraat- en nitrietafhankelijke methaanoxidatiemiddelen.
Hoofdstuk 3 bestudeert nitraat afhankelijke AOM in een nieuwe verrijkingscultuur waarbij 
bodem van een Italiaans rijstveld werd gebruikt als startmateriaal, een andere bron 
van methaan in het milieu. Na 2 jaar werd een stabiele ophopingscultuur verkregen die 
gedomineerd werd door zowel nitraat- als nitrietafhankelijke methaan oxiderende micro-
organismen (22% Methanoperedens archaea en 15% Methylomirabilis-bacteriën). Analyse 
van het metagenoom gaf een hoogwaardig genoom van ‘Candidatus Methanoperedens 
nitroreducens Vercelli’, deze nieuwe soort was 96% vergelijkbaar op het 16S rRNA-genniveau 
en had een gemiddelde nucleotide-identiteit van 78,4%, tot het oorspronkelijke familielid. 
De bacteriële partner was ‘Ca. Methylomirabilis oxyfera’ met 99% overeenkomst op het 16S 
rRNA genniveau. Als eerder beschreven in Hoofdstuk 2, ondersteunde de nitraatafhankelijke 
oxidatie van methaan de bacteriële partner die het nitrietafhankelijke methaan oxidatieproces 
uitvoert. Beide organismen bestonden naast elkaar in wat waarschijnlijk een mutualistische 
interactie is, waarbij Methanoperedens archaea nitriet als tussenproduct produceren dat door 
Methylomirabilis-bacteriën als elektronenacceptor voor methaanoxidatie wordt gebruikt.
In hoofdstuk 4 wordt het nitriet-AOM-proces losstaand bestudeerd. De bioreactor set-up 
van een reeds bestaande verrijkingscultuur gedomineerd door ‘Ca. Methylomirabilis oxyfera’ 
met een kleine zijpopulatie van ‘Ca. Methanoperedens nitroreducens’-achtige archaea werd 
gewijzigd. Hierbij was nu nitriet de enige elektronenacceptor, cerium werd toegevoegd aan de 
sporenelememten oplossing en biomassa werd stelselmatig verwijderd om groei te stimuleren. 
Hierdoor verdwenen de archaea en werd een nieuwe soort Methylomirabilis-achtige bacteriën 
verrijkt (dit genoom wordt beschreven in Hoofdstuk 6). De microbiële levensgemeenschap 
bestond uit 67% Methylomirabilis-achtige bacteriën. Na 1 jaar lang biomassa verwijderen 
daalde de abundantie slechts tot 57%. We bepaalden de opbrengst van 0,07 Cmol NO2
-
mol
-1 en 
de geschatte verdubbelingstijd van 5 dagen. Bovendien bepaalden we voor de eerste keer de 
affiniteitsconstante voor opgeloste methaan 2,6 ± 0,7 µM, en konden we de nitrietaffiniteit 
schatten op 7 µM.
Hoofdstuk 5 beschrijft de opschaling van het bioreactorsysteem beschreven in Hoofdstuk 
3, met daarin de nieuwe soort ‘Ca. Methanoperedens nitroreducens Vercelli’, aangevuld 
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Samenvatting
met extra ijzer als sporenelement, onderworpen aan een kortere solide retentietijd (SRT) 
en biomassaverwijderingDit veroorzaakte biomassagroei en resulteerde in de hoogste 
verrijking die tot nu toe is gerapporteerd. ‘Ca. Methanoperedens nitroreducens Vercelli’ 
vertegenwoordigde 83% van de relatieve aanwezigheid op basis van de metagenoom en FISH-
analyse. De aanwezigheid van ‘Ca. Methylomirabilis oxyfera’ daalde significant tot slechts 
een kleine groep binnen de bacteriepopulatie, op basis van dezelfde criteria (1,9%). Dit is een 
opvallend resultaat aangezien beide organismen even dominant waren in de bodem. Verder 
hebben we de metabole respons van ‘Ca. Methanoperedens nitroreducens Vercelli’ bestudeerd 
tot 5% zuurstofstress in batch-incubaties. Zowel activiteitsmetingen als (meta)transcriptoom 
analyses werden uitgevoerd. De reactie op blootstelling aan zuurstof werd gekenmerkt door 
algemene downregulering van de nitraatreducerende route (narG, nrfA) en de omgekeerde 
methanogenese-route (met mcrA als markergen), en stimuleerde de regulatie van genen 
die coderen voor eiwitten die betrokken zijn bij zuurstofstressrespons, zoals rubrerythrins, 
superoxide dismutase, Iron-Sulfur-clusters en rubredoxins. De latere reactie is vergelijkbaar 
met die van de canonieke methanogene Archaea met een zelfherstelstrategie tegen oxidatieve 
stress.
Hoofdstuk 6 beschrijft een nieuwe soort Methylomirabilis-achtige bacteriën 
(verrijkingsbeschrijving in hoofdstuk 4). Het genoom van de nieuwe soort ‘Ca. Methylomirabilis 
lanthanidiphila’ werd gevonden in de metagenoomdata. De gemiddelde nucleotide-identiteit 
van dit nieuwe genoom en de 16S-rRNA-overeenkomst in vergelijking met ‘Ca. Methylomirablis 
oxyfera’ waren respectievelijk 82,3% en 97,5%. Het genoom van de nieuwe soort codeerde alleen 
voor een enkel van lanthanide afhankelijk XoxF-type methanol dehydrogenase (XoxF-MDH), 
een sleutelenzym dat de tweede stap van de oxidatie van methaan katalyseert. Of deze nieuwe 
soort al aanwezig was en over het hoofd werd gezien in de originele sequentiegegevens of 
geëvolueerd is van de oorspronkelijke stam als een reactie op de veranderingen in cultivatie en 
de aanwezigheid van Cerium is onduidelijk. Ondanks dat,  vormt deze nieuwe Methylomirabilis-
soort het tweede sterk verrijkte lid van de NC10-phylum-bacteriën die in staat zijn nitriet-AOM 
uit te voeren, een eigenschap die tot nu toe exclusief was voor het geslacht Methylomirabilis.
In dit proefschrift wordt de nauwe relatie tussen nitraat- en nitriet-methaan oxiderende micro-
organismen beschreven. De nitraatafhankelijke methaan oxiderende ‘Ca. Methanoperedens’-
achtige archaea reduceren nitraat, produceren nitriet als tussenproduct, en ondersteunen zo 
de microbiele verrijking van nitrietafhankelijke methaanoxiderende ‘Ca. Methylomirabilis’-
achtige bacteriën. Bovendien kunnen de nitraatafhankelijke archaea ammonium produceren. 
Hun volledige DNRA-potentieel kan echter niet worden onderzocht, omdat deze archaea altijd 
samen voorkomen met een bacteriële partner, meestal de nitriet afhankelijke bacteriën. 
De productie van ammonium en de toevoeging van ammonium aan verrijkingsculturen leidt 
vaak tot de ophoping van anammox-bacteriën. Dit proefschrift biedt bruikbare gegevens met 
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betrekking tot de belangrijkste aspecten van de affiniteiten voor substraten (methaan, nitriet 
en nitraat) en biomassagroei in verrijkingsculturen. Deze bevindingen vanuit het perspectief 
van bioreactorverrijkingen kunnen worden gebruikt om de prestaties van nitraat- en 
nitrietafhankelijke methaan oxiderende micro-organismen en hun mogelijke interacties en/of 
competities in een complexe microbiële gemeenschap, d.w.z. afvalwaterzuivering, te modelleren 
en te onderzoeken. Hoofdstuk 7 geeft een samenvatting van de kennis die in dit proefschrift is 
gegenereerd en de relatie ervan tot de milieurelevantie van deze nitraat- en nitriet-methaan 
oxiderende microben, relateert de bevindingen aan het gebied van omgevingsmicrobiologie en 
beschrijft de uiteindelijke indrukken van de mogelijke toepassingen voor de verwijdering van 
opgeloste methaan en stikstofhoudende verontreinigende stoffen uit afvalwaterzuivering.
Translation by: Anniek de Jong
proofreading by: Tijs van den Bosch
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Resumen
Resumen
En el año 2006, Raghoebarsing et al., reportaron por primera vez una asociación microbiana 
entre una bacteria del filo NC10 y un arqueón del grupo ANME2d. Estos microorganismos 
en conjunto eran capaces de oxidar metano anaeróbicamente usando nitrito y nitrato como 
aceptores de electrones. Este peculiar y nuevo metabolismo es conocido como ‘oxidación 
anaeróbica de metano dependiente de nitrito y de nitrato’ (nitrato-AOM o nitrito-AOM). 
Desde ese descubrimiento, numerosos estudios científicos han reportado la detección de estos 
microorganismos en una gama muy amplia de ecosistemas, tanto naturales como artificiales, 
incluyendo las plantas de tratamiento de aguas residuales. En menor manera, algunos 
cultivos enriquecidos con los microorganismos responsables de dichos procesos han sido 
descritos. Cada proceso es posible a través del metabolismo de dos tipos de microorganismos. 
La bacteria ‘Candidatus Methylomirabilis oxyfera’, perteneciente al filo NC10, cataliza el 
proceso nitrito-AOM. Mientras que el proceso de nitrato-AOM es llevado a cabo por el arqueón 
‘Candidatus Methanoperedens nitroreducens’, miembro del grupo ANME2d.
Esta tesis describe varios cultivos altamente enriquecidos de los microorganismos 
responsables de los procesos nitrato-AOM y nitrito-AOM. El enfoque principal es la fisiología 
microbiana, las capacidades de crecimiento, así como la relevancia a nivel ambiental de estos 
microorganismos. El conocimiento sobre estos aspectos es crucial para entender la ecología 
microbiana en los diferentes ecosistemas en los que están presentes, así como también 
para poder estudiar la posibilidad de aplicar estos procesos microbianos en tecnologías 
sustentables para el tratamiento de aguas residuales. 
 
El Capítulo 1 de esta tesis describe la situación actual en cuanto a los avances en la investigación 
sobre los procesos nitrato- y nitrito-AOM. Al mismo tiempo, se da atención a las brechas en el 
conocimiento sobre las cuales esta tesis está enfocada.  Los temas principales de esta tesis 
son la relación entre los microorganismos que llevan a cabo los procesos de nitrato- y nitrito-
AOM, debido a que normalmente los microorganismos responsables ocurren en co-cultivos. 
Las principales preguntas que intento contestar son específicamente sobre la fisiología y el 
crecimiento de estos microorganismos. Por último, esta introducción describe en forma breve 
la posibilidad de aplicar el metabolismo de estos microorganismos en el tratamiento de aguas 
residuales. 
Los primeros dos capítulos experimentales de esta tesis, se enfocan específicamente en la 
ecología que existe entre ambos microorganismos: los arqueones del grupo Methanoperedens 
y las bacterias del genero Methylomirabilis.
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El capítulo 2 describe la composición de la comunidad microbiana de un cultivo de 
enriquecimiento dominado por arqueones Methanoperedens y bacterias Methylomirabilis 
(40% y 50% respectivamente). El eje central es la ecología microbiana que existe entre 
ambos. Alimentados solamente con nitrato y metano como aceptor y donador de electrones, 
respectivamente, ambos grupos de microorganismos desarrollaron una morfología en gránulos 
densos. Estos gránulos constituyeron la unidad fundamental de la organización microbiana en 
el cultivo, y la explicación más fehaciente es que ambos microorganismos son beneficiados de 
un micro nicho donde el intercambio de metabolitos puede darse de manera óptima. Nitrito 
es el metabolito intermediario del metabolismo de los arqueones Methanoperedens, producto 
de la reducción de nitrato acoplado a la oxidación de metano. En promedio, 90% del nitrito 
es convertido a nitrógeno gas por las bacterias Methylomirabilis, las cuales también oxidan 
metano paralelamente. El 10% del nitrito restante es convertido a amonio por los arqueones 
Methanoperedens.  
EL Capítulo 3 describe el proceso de nitrato-AOM en un cultivo independiente, inoculado con 
una muestra de suelo de un plantío de arroz en Italia. La agricultura del arroz es una fuente 
significativa de emisiones de gases de efecto invernadero, como el metano. Después de 2 años 
de enriquecimiento, la comunidad microbiana estuvo compuesta por ambos microorganismos 
capaces de la oxidación anaeróbica de metano. Ambos constituyeron 37 % de la comunidad 
microbiana, siendo los arqueones Methanoperedens el organismo mas abundante con un 
22% del total seguido de las bacterias Methylomirabilis con un 15%. Siendo un nuevo cultivo 
alimentado solo con nitrato como aceptor de electrones, el enriquecimiento de bacterias 
Methylomirabilis comprueba que universalmente el nitrito sirve como intermediario entre 
ambos procesos. El meta genoma fue secuenciado, y el genoma de una nueva especie de 
Methanoperedens fue reconstruido. Esta nueva especie es denominada ‘Ca. Methanoperedens 
nitroreducens Vercelli’, y tiene una similitud del 96% a nivel del 16S rRNA y 78.4% de identidad 
a nivel de secuencia de bases nitrogenadas con la especie original ‘Ca. Methanoperedens 
nitroreducens’. Las bacterias Methylomirabilis resultaron ser de la especie oxyfera con una 
similitud del 99%. De igual manera que en el capítulo 2, la conexión de ambos procesos 
ligados por nitrito como metabolito intermediario representa una cooperación entre ambos 
microorganismos. 
En los siguientes dos capítulos experimentales, he investigado aspectos relevantes respecto 
a la fisiología de ambos microorganismos responsables de los procesos de nitrato- y nitrito-
AOM de manera independiente. En dos cultivos independientes y altamente enriquecidos en 
arqueones Methanoperedens y bacterias Methylomirabilis, el papel de elementos traza es 
investigado como factor determinante para lograr alto nivel de enriquecimiento.
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En el Capítulo 4, el proceso de nitrito-AOM es estudiado en un cultivo libre de arqueones 
Methanoperedens. Este cultivo se logró a través de cambios en las condiciones de 
enriquecimiento de un cultivo preexistente en el que existía una minoría de arqueones como 
contaminante. El nuevo cultivo fue alimentado exclusivamente con nitrito como única fuente 
aceptora de electrones, se incluyó el elemento Cerio de la serie de los Lantánidos y, además, 
se incluyó un sistema automatizado de remoción de biomasa para estimular la duplicación 
de las bacterias Methylomirabilis. El efecto combinado de las modificaciones, resultó en la 
desaparición de los arqueones y además, una nueva especie de bacterias Methylomirabilis 
fue enriquecida (descrita en el capítulo 6). Esta nueva especie constituyó el 67% de total 
de la comunidad microbiana. Usando un cultivo exclusivamente bacteriano y dominado por 
Methylomirabilis, determinamos varios aspectos cruciales de su crecimiento y fisiología. El 
rendimiento de biomasa fue de 0.06 – 0.09 Cmole NO2
-
mole
-1 y el tiempo de generación fue de 5 
días. Respecto a la fisiología, en este capítulo he podido estimar por primera vez la afinidad 
por el metano con una valor aparente de 2.6 ± 0.7 µM, y además pude estimar la constante por 
nitrito a un valor de 7 µM. 
El Capítulo 5 describe el cultivo descrito en el Capítulo 3 en un reactor de mayor volumen. El 
nuevo sistema fue alimentado con extra de Hierro como elemento traza, sujeto a tiempos de 
retención de solidos más cortos y además, la biomasa fue extraída como inoculo para otros 
sistemas. Como resultado, el cultivo de arqueones Methanoperedens fue enriquecido al nivel 
más alto reportado hasta ahora, con un 83% de abundancia relativa basado en meta genómica 
y microscopía de fluorescencia. 
Una observación interesante, fue que la abundancia de las bacterias Methylomirabilis 
fue reducida a menos del 2% del total de la población bacteriana, considerando así que 
ambos organismos estaban presentes en el inoculo en proporciones comparables. Usando 
este cultivo con los niveles más altos de arqueones reportado a la fecha, investigamos la 
respuesta metabólica a la exposición de oxígeno (5%) en incubaciones en batch. Combinando 
experimentos de actividad y análisis de meta transcriptomica, la respuesta de Methanoperedens 
fue cuantificada en base a la regulación positiva o negativa de los genes involucrados en las 
principales vías metabólicas como la reducción de nitrato (narG, nrfA) o la metanogenesis 
en reversa (mcrA). Observamos además que diversos genes involucrados en la defensa 
contra el estrés oxidativo fueron regulados positivamente. Las proteínas codificadas por estos 
genes son: thioredoxinas, rubrerythrinas, superoxido dismutasa, Iron-Sulfur proteínas de 
ensamblaje, y rubredoxinas. La acción combinada de estas proteínas es similar a la de los 
arqueones metanogenicos con una estrategia de auto reparación de daños oxidativos. 
El Capítulo 6 describe una nueva especie del genero Methylomirabilis (cultivo descrito en el 
capítulo 4). El genoma de esta nueva especie llamada ‘Ca. Methylomirabilis lanthanidiphila’ 
fue extraído del metagenoma del reactor descrito en el capítulo 4. Comparado con la especie 
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 22
22
original ‘Ca. Methylomirabilis oxyfera’, la similitud a nivel nucleótido fue de 82.3% y el 16S 
rRNA tuvo una similitud del 97.5%. El genoma de la nueva especie codifica una sola copia del 
gen de la enzima metanol deshidrogenasa (XoxF-MHD), que es  caracterizada por contener 
Lantánidos en el centro catalítico y responsable de la oxidación de metol a formaldehído. Si la 
nueva especie estuvo presente en el cultivo original 8 años atrás y no fue identificada y bajo las 
condiciones actuales pudo proliferar gracias a la presencia de Cerio, permanece como teoría. 
Sin embargo, la nueva especie del genero Methylomirabilis es la segunda en ser cultivada en 
laboratorio y es prueba de que la oxidación de metano a través de nitrito es una habilidad que 
hasta ahora es exclusiva del género Methylomirabilis dentro del filo NC10.
Esta tesis ha descrito la intricada y cercana relación que existe entre los procesos de 
oxidación anaeróbica de metano dependientes de la reducción de nitrito y nitrato, así como 
varios aspectos relevantes sobre la fisiología de los microorganismos responsables de 
dichos procesos. Los arqueones del genero Methanoperedens reducen nitrato a nitrito como 
metabolito intermedio, y soportan el proceso dependiente de nitrito llevado a cabo por las 
bacterias del género Methyilomirabilis, exclusivamente. Además, los arqueones son capaces 
de producir amonio como producto final. Sin embargo, su potencial no puede ser investigado 
bajo las condiciones descritas en esta tesis debido a que los arqueones siempre co-ocurren 
con una bacteria asociada, generalmente Methylomirabilis. 
Esta tesis describe parámetros relevantes respecto a la afinidad por sustratos importantes, 
como metano y nitrito, y variables relacionadas con el  crecimiento de dichos microorganismos. 
Los hallazgos encontrados a partir del estudio de la fisiología en bioreactores pueden ser 
utilizados para modelar e investigar estos procesos y sus posibles aplicaciones, interacciones 
o competición con otros microorganismos en situaciones más complejas como lo es el 
tratamiento de aguas residuales. El Capítulo 7, presenta un resumen de los hallazgos más 
importantes de esta tesis. Se presentan las directrices para el  futuro haciendo énfasis en la 
importancia de estos procesos. Por último, se presenta una discusión breve sobre el estado 
actual del conocimiento necesario para llevar estos procesos a una aplicación sustentable en 
tratamiento de aguas residuales. 
Translation by: Simon, Guerrero-Cruz
proofreading by: Ana Belen, Rios Miguel
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The research described in this thesis focuses on several aspects of nitrite- and nitrate-
dependent anaerobic oxidation of methane (nitrate- and nitrite-AOM), and contributes to the 
knowledge needed to evaluate the feasibility to apply these processes in future wastewater 
treatment. 
The chapters of this thesis elaborate on the pioneer work started by Raghoebarsing et al. 
(2006) who managed to enrich for the first time, the microorganisms responsible for these 
processes. The discovery of the microbial nitrite- and nitrate-dependent AOM has shifted the 
views on anaerobic methanotrophy. However, to make an application of these new processes 
possible; the physiology and microbial ecology of the microorganisms involved requires further 
research. 
In this introduction, first the environmental impact of methane is discussed, next the microbial 
sources and sinks of methane are outlined. Further, the relationship of nitrogen and methane 
cycles are explained, and finally the application of nitrate- and nitrite-AOM in wastewater 
treatment is reviewed.
Methane 
Methane (CH4) is the second most important greenhouse gas, after carbon dioxide (CO2). 
However, its radiative forcing effect is 34 times higher than that of CO2 over a 100-year time 
span (Myhre et al., 2013). Methane represents the most reduced state of carbon and is an end 
product of anaerobic decomposition of organic matter, and biologically it is produced by diverse 
groups of methanogenic archaea (Conrad et al., 2009). The sources of methane, are classified 
as biogenic and non-biogenic. Among biogenic sources there are, wetlands, peat bogs, rice 
agriculture, livestock, landfills, forests, oceans and termites; and in total they represent 70% 
of the methane emissions to the atmosphere (Denman et al., 2007). 
Microbial methane sinks: versatility, and diversity of methanotrophs 
Methane production in various environments is counteracted by microbial methane sinks, 
through a process known as methane oxidation, which was first described by Soehngen in 1906. 
Until recently, methane oxidation was assumed to be an exclusively aerobic process, performed 
only by Bacteria. This was attributed to the high activation energy required to activate methane 
(436 kJ/mol, reaction 1, Table 1). The first observations of methane consumption possibly linked 
to the rduction of sulfate, came from marine environments and initiated a series of subsequent 
experiments supporting the occurrence of AOM (Reeburgh, 1976; Zehnder and Brock, 1980).  
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At the time, archaea were identified as the most likely candidate microorganisms for the 
consumption of methane, based on carbon isotope studies (Hinrichs et al., 1999). The quest 
for the identification of the responsible microorganisms reached a milestone at the beginning 
of this millennium when, in 2000 Boetius et al., described the sulfate-dependent methane 
oxidation process (S-AMO) in a microbial consortium consisting of sulfate reducing bacteria 
(SBR) and methanotrophic archaea. The identity of the anaerobic methanotrophic (ANME) 
archaea was confirmed soon after (Orphan et al., 2001). The mechanism for the oxidation 
of methane, was elucidated as a reverse reaction of the canonical methanogenesis pathway 
(Kruger et al., 2003; Hallam et al., 2004). It has become apparent that ANME-2 archaea are 
not strictly dependent on a an SRB  partner (Scheller et al., 2016), and are also capable of 
using zero-valent sulfur to perform the oxidation of methane (Milucka et al., 2012). In the case 
of a cell to cell contact between ANME-2 and SRB, the mechanism has been characterized 
as a direct transfer of electrons from the archaeal partner to the bacteria which concertedly 
perform sulfate reduction (McGlynn et al., 2015; Wegener et al., 2015). Currently, anaerobic 
methanotrophic archaea (ANME), are classified in three distinct groups: ANME I, ANME II and 
ANME III (Knittel et al., 2005). Besides sulfate, diverse clades of ANME archaea have been 
reported to also utilize metal oxides as electron acceptors for methane oxidation (Beal et al., 
2009; Ettwig et al., 2016; Cai et al., 2018).
For a long time it was believed that all known genera of methane oxidizing bacteria (MOB) 
belonged to the phylum of Proteobacteria. Additionally, all MOB were classified according 
to their carbon metabolism, intracellular morphology and fatty acid composition (Hanson 
and Hanson, 1996). The classification of MOB changed in 2007, when it was discovered that 
members of the phylum Verrucomicrobia could also oxidize methane aerobically. Several of 
these Methylacidiphilum bacteria were independently isolated and described (Pol et al., 2007; 
Dunfield et al., 2007; Islam et al., 2008 Op den Camp et al., 2009) and appeared to have a very low 
pH optimum and require rare earth elements for their methanol metabolism (Pol et al., 2014). 
In 2014 another verrucomicrobial genus was added capable of aerobic methane oxidation, 
Methylacidimicrobium (van Teeseling et al., 2014). With aerobic methanotrophy expanding to 
other bacterial phyla, the interest to discover more methane-oxidizing microorganisms capable 
of using other electron acceptors including oxidized nitrogen compounds such as nitrite and 
nitrate, increased. Nitrite and nitrate-dependent AOM (also referred as N-AOM) as the topic of 
this thesis, is described in the next section. 
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Nitrate- and nitrite-dependent methane oxidation: discovery and 
key microorganisms
Nitrite and nitrate may serve as suitable electron acceptors for AOM (Table 1) as the reactions 
have ample Gibbs free energy to sustain microbial growth (Reeburg and Heggie, 1977; Strous 
and Jetten, 2004). In freshwater ecosystems, nitrogen oxyanions (predominantly nitrate) are 
more abundant than in marine environments, where sulfate is the dominant electron acceptor.
Table 1 | Summary of net reactions between methane and possible electron acceptors. After oxygen, the 
remaining electron acceptors are listed according to increasing free energy (Thauer and Shima, 2008; 
Timmers et al., 2017).
Reaction ∆Gº (kJ mol-1 CH4)
CH4 + 2 O2 → CO2 + 2 H2O -818
CH4 + SO4
-2 + 2 H+ → CO2 + H2S + 2 H2O -21
CH4 + 8 Fe
3+ + 2 H2O → CO2 + 8 Fe
2+ + 8 H+ -454
5 CH4 + 4MnO2 + 7 H
+ → HCO3
- + 4 Mn2
+ + 5 H2O -528
5 CH4 + 8 NO3
- + 8 H+ → 5 CO2 + 4 N2 + 14 H2O -765
3 CH4 + 8 NO2
- + 8 H+ → 3 CO2 + 4 N2 + 10 H2O -929
The quest for microbes that perform methane oxidation coupled to nitrogen oxyanions (nitrite 
and nitrate) as electron acceptors, reached a milestone in 2006 when Raghoebarsing et al., 
described the enrichment of a microbial consortium capable of oxidizing methane coupled 
to denitrification. The inoculum was a sediment sample from the Twente canal, rich in 
fertilizer run-off and methane being produced in anoxic sediment layers. The co-occurrence of 
nitrogenous pollutants and methane may have constituted a favorable niche for NOX
--dependent 
methane oxidation. To mimic the source environment, both nitrite and nitrate were supplied 
as electron acceptors and methane was provided as the sole electron donor. The resulting 
enrichment consisted of two dominant microorganisms, one bacterium and one archaeon. The 
16S rRNA gene of the bacterium clustered within the NC10 phylum, until then only described 
by environmental sequences (Holmes et al., 2001), and the 16S rRNA gene of the archaea 
clustered within the ANME-2d group of methanotrophic archaea (Mills et al., 2003). Based on 
this discovery, it was hypothesized that the anaerobic oxidation of methane (ANME-2d archaea) 
was coupled to denitrification (NC10 bacteria) (Raghoebarsing et al., 2006).
To identify each microorganism and to elucidate their role, a series of remarkable findings 
took place. First in 2008, Ettwig et al., showed that the NC10 bacterium was solely responsible 
for the oxidation of methane coupled to nitrite reduction with N2 as end product. In 2009, 
Ettwig et al., described a methane/nitrite-fed enrichment from a new inoculum source. Using 
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sediment from an agricultural ditch, they obtained a culture dominated by NC10 bacteria most 
closely related to the one enriched from the Twente canal, and both were shown to be a part 
of a sub cluster “a” of the NC10 phylum. The mechanism by which these bacteria oxidize 
methane was elucidated based on omics data and stable isotope experiments with the two 
enrichment cultures described by Ettwig et al., (2009) and Raghoebarsing et al., (2006). It was 
determined that the genome of this NC10 bacterium harbors the complete aerobic methane 
oxidation pathway, while its denitrification pathway was not complete. Even though N2 is the 
end product of the nitrite reduction, genes involved in the formation of N2O were absent. The 
genome of the organism contained two highly unusual NO dismutatse genes, leading to the 
postulation that this bacterium uses an intra-aerobic pathway where two molecules of NO are 
dismutated into dinitrogen gas and oxygen. This oxygen is used to activate methane via the 
enzyme methane monooxygenase (pMMO). The NC10 bacterium from the group a, is since 
then known as ‘Candidatus Methylomirabilis oxyfera’, hereon referred to as ‘Ca. M. oxyfera’ 
(Ettwig et al., 2010; Ettwig et al., 2012). The role of the archaea remained unresolved due to 
their disappearance from the enrichment cultures described at the time. 
Using inocula from different sources such as sludge from wastewater treatment plants, 
similar enrichments of NC10 bacteria closely related to ‘Ca. M. oxyfera’ and ANME-2d archaea 
have been described. In 2009, Hu et al., reported co-cultures of both ‘Ca. M. oxyfera’ and the 
ANME-2d archaea and suggested that the archaea were also involved in methane oxidation. 
Parallel enrichments using nitrate and nitrite independently, showed that ANME-2d archaea 
were most likely involved in nitrate reduction coupled to methane oxidation, whereas nitrite-
fed cultures resulted in enrichments dominated by ‘Ca. M. oxyfera’ (Hu et al., 2011). The 
enrichment described by Hu et al., in 2009 was enriched further and characterized through 
FISH and 16S rRNA amplicon sequencing, revealing an apparent abundance of 78 % of 
archaeal cells. ‘Ca. M. oxyfera’ and SRB were not detected, making it more likely that the 
anaerobic oxidation of methane observed is coupled to nitrate reduction with the ANME-2d 
archaea as responsible organism. Through a combined approach using single cell sequencing 
and population metagenome sequencing, the genome of the ANME-2d archeon was resolved 
and its core metabolic gene set was characterized (Haroon et al., 2013). This archaeon 
possessed a complete reverse methanogenesis pathway and the capacity to reduce nitrate via 
nitrate reductase encoded by narGH-encoded enzyme. This organism was named ‘Candidatus 
Methanoperedens nitroreducens’ hereafter referred to as ‘Ca. M. nitroreducens’ (Haroon et al., 
2013). 
Both ‘Ca. M. oxyfera’ and ‘Ca. M. nitroreducens’, have changed the view of the nitrogen cycle 
and represent novel sinks of methane. Their environmental relevance in nitrogen cycling 
and their the control of methane fluxes, has received more attention due to the detection of 
these organisms in many anoxic ecosystems. Besides agricultural ditches, and wastewater 
treatment, these organisms were found in anoxic layers of freshwater lakes (Deutzmann and 
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Schink, 2011; Kojima et al., 2012; Deutzmann et al., 2014), as well as saline lakes (Yang et 
al., 2012), rivers, (Shen et al., 2014), coastal aquifers (Lopez-Archilla et al., 2007), peatlands 
(Zhu et al., 2012), and more recently paddy field soils (Hatamoto et al., 2014; Lee et al., 2015; 
and Vaksmaa et al., 2016). In the next section, a brief introduction to the nitrogen cycle is 
given with the emphasis on the role that ‘Ca. M. oxyfera’ and ‘Ca. M. nitroreducens’ could play. 
Subsequently the connection of nitrate and nitrite to methane in wastewater treatment will be 
described.
Nitrogen cycle
Nitrogen, is an essential element for the synthesis of proteins and nucleic acids. Throughout 
different compartments of the biosphere, nitrogen changes through various oxidations states 
mediated by microbial conversions. These conversions are tightly linked to one another and 
together form the nitrogen cycle (Figure 1). The nitrogen cycle is reviewed in detail elsewhere 
from different points of view: fluxes, enzymes, physiology, and throughout all domains of life 
(Kuypers et al., 2018; Maia and Moura, 2014). A short description of the five major processes 
within the Nitrogen cycle is given below and the key genes for the environmental detection of 
key microbial nitrogen processes are highlighted.
The description of the nitrogen cycle begins with ammonia. Ammonia, is the most reduced 
form of reactive nitrogen and is the building block for proteins and nucleic acids. Ammonia can 
be oxidized to nitrite and ultimately to nitrate in a process known as nitrification. 
Oxidation reactions in the nitrogen cycle. 
Nitrification as a microbial mediated process, is the oxidation of ammonia to nitrite and then to 
nitrate. The oxidation of ammonia to nitrite can be performed by ammonia-oxidizing bacteria 
(AOB) or ammonia-oxidizing archaea (AOA), followed by oxidation of nitrite to nitrate performed 
by nitrite-oxidizing bacteria (NOB) (Konneke et al., 2005; Schleper and Nicol, 2010). Both 
oxidation processes can also be performed by one single microorganism in a process known 
as complete ammonia oxidation (comammox) (Daims et al., 2015; van Kessel et al., 2015). 
The oxidation of ammonia to nitrite requires three independent enzymatic steps. First, 
ammonia is oxidized to hydroxylamine, a reaction catalyzed by ammonia monooxygenase 
encoded by the genes amoCAB, of which amoA is used as environmental marker (Hooper 
et al., 1997). The second step is the oxidation of hydroxylamine to nitric oxide. Nitric oxide as 
second intermediate, had been proposed before but was only confirmed very recently (Caranto 
& Lancaster, 2017). 
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Figure 1 | The nitrogen cycle represented by redox reactions, these are classified in 5 major processes: 1. 
ammonia oxidation steps to nitrate (in purple), 2. nitrate reduction steps to nitrogen (in green) including 
nitric oxide dismutation to dinitrogen gas and oxygen (in blue), 3. nitrite reduction to ammonia (in yellow), 
4. anaerobic ammonium oxidation (in red), 5. nitrogen fixation (in grey) (Adapted from Kuypers et al., 
2018).  For each process typical marker genes are indicated in similar color coding: amoA = ammonia 
monooxygenase, hao = hydroxylamine oxidoreductase, nirK = , nxrAB = nitrite oxidoreductase, narG = 
membrane bound dissimilatory nitrate reductase, napA = periplasmic dissimilatory nitrate reductase, 
nasA, nirA = assimilatory nitrate reductase, nirS, nirK = nitrite reductases, norBCZ = nitric oxide reductases, 
nosZ = nitrous oxide reductase, nod = nitric oxide dismutase, nasB, nirB = assimilatory nitrite reductase, 
nrfAH = dissimilatory periplasmic cytochrome c nitrite reductase, nifH = nitrogenase, hdh = hydrazine 
dehydrogenase, hzsAB = hydrazine synthase. 
This conversion is catalyzed by hydroxylamine oxidoreductase in bacteria (gene haoA), 
the enzyme responsible for the third step from nitric oxide to nitrite, remains unidentified 
but nirK has been suggested (Caranto & Lancaster., 2017). The enzymatic mechanisms of 
archaeal hydroxylamine oxidation to nitric oxide, remains under debate. Nevertheless, these 
microorganisms also use ammonia monooxygenase and hydroxylamine is an intermediate in 
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archaeal ammonia oxidation (Kozlowski et al., 2016). The third step in ammonia oxidation to 
nitrite, is likely mediated by nirK, which has been suggested as a candidate for nitrite production 
(Bartossek et al., 2010).  The last step of nitrification is the oxidation of nitrite to nitrate. This 
oxidation step is catalyzed by the enzyme nitrite oxidoreductase (NXR), where nxrA and nxrB 
are typically used as diagnostic genes (Daims et al., 2016; Pester et al., 2014). 
While ammonia oxidation to nitrate as ultimate product from nitrification, is oxygen 
dependent; ammonia can also be oxidized anaerobically. The anaerobic ammonia oxidation, 
a process known as anammox, was for a long time thought to be impossible until the very 
first experimental and biological evidence from a wastewater treatment reactor (Mulder et al., 
1995). Soon after that discovery, the responsible bacteria were identified as belonging to the 
Planctomycetes and are since then known as anammox bacteria (Strous et al., 1999). Anammox 
bacteria were shown to possess a complete novel biochemical pathway for ammonia oxidation 
with hydrazine as intermediate (Fig. 1). Anammox bacteria use nitrite as the terminal electron 
acceptor to oxidize ammonia. First, nitrite is reduced to nitric oxide, which is subsequently 
reduced to hydroxylamine as an enzyme bound intermediate. Hydroxylamine and ammonia are 
then comproportionated to form hydrazine, by hydrazine synthase. The catalytic component of 
this enzyme is encoded by the gene cluster hzsABC from which hzsA and hzsB are commonly 
used as environmental indicators (Harhangi et al., 2012). Hydrazine is ultimately oxidized to 
dinitrogen gas by hydrazine dehydrogenase (Kartal et al., 2011; Dietl et al., 2015; Maalcke et 
al., 2016).
Oxidation reactions in the nitrogen cycle can occur coupled to oxygen as in nitrification or can 
be dependent on alternative electron acceptors. Nitrate, the most oxidized form of nitrogen 
can be reduced by organisms from all domains of life, only under anoxic or hypoxic conditions. 
Nitrate reduction to ammonia.
The reduction of nitrate to nitrite can be an assimilatory process where nitrogen is incorporated 
into biomass, this occurs through  the catalytic reaction of cytoplasmic nitrate reductases, with 
nasA or nirA as marker genes. Dissimilatory reduction of nitrite to ammonia is catalyzed by 
pentaheme cytochrome c nitrite reductase with nrfA as marker gene (Zehr et al. 2003). There 
is a wide diversity of enzymes that can reduce nitrite to ammonium, a reaction spread through 
all domains of life (for an extensive review see: Maia and Moura 2014). 
Nitrate reduction reactions to dinitrogen gas.
Nitrate can also be reduced to nitrite in a dissimilatory fashion coupled to energy conservation 
in the case of membrane bound enzymes i.e. nitrate reductases, where narG is commonly used 
as environmental marker gene and encodes the enzyme nitrate reductase (NAR). Additionally, 
dissimilatory reduction can be independent from membrane energy conservation, in the case 
of periplasmic nitrate reductases (NAP), in which case the napA gene has been extensively 
studied as environmental marker representative for this process (Moreno et al., 1999). The 
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reduction of nitrate to nitrite, is coupled to the oxidation of a diverse set of electron donors, 
organic compounds, sulfur compounds, hydrogen or iron (for a detailed review see Kuypers et 
al., 2018). Nitrite as product of nitrate reduction can be also used by assimilatory processes, 
highlighting the non-exclusivity of assimilatory or dissimilatory nitrate reduction. In microbial 
respiration, nitrite can be reduced to a zero valent state as dinitrogen gas through a series of 
independent reduction steps, generally referred as “denitrification”. Nitrite is reduced to nitric 
oxide, through two distinct nitrite reductases encoded by nirS or nirK genes. In both nitrate 
and nitrite reduction steps, the end product is determined by diverse factors. A high carbon to 
nitrogen ratio, combined with limiting concentrations of nitrite and nitrate are known to favor 
the reduction to ammonia over denitrification to dinitrogen gas (Kraft et al., 2014; Yoon et al., 
2015; and van den Berg et al., 2016). 
In denitrification, nitric oxide is further reduced to nitrous oxide or dinitrogen gas. Nitrous oxide 
production is catalyzed by a diverse group of enzymes called nitric oxide reductases (Kuypers 
et al., 2018). Nitric oxide reductases are identified by the marker genes norZBC (Matsumoto et 
al., 2012). Nitrous oxide as the last intermediate towards dinitrogen gas can be bypassed in a 
process known as nitric oxide dismutation. The enzyme responsible for this reaction -nitric oxide 
dismutase- remains unidentified but is for now believed to be encoded by two nod-type candidate 
genes, which are conserved in the genome of several Methylomirabilis species including the 
newly cultured representative ‘Candidatus Methylomirabilis lanthanidiplila’ (Versantvoort & 
Guerrero et al., 2018, Chapter 6 of this thesis). Lastly, in canonical denitrification, nitrous oxide 
is reduced to dinitrogen gas by nitrous oxide reductases, represented by the encoding gene 
nos (Simon et al., 2004). Ultimately, Nitrogen gas is transformed into ammonia, by diazotrophic 
microorganisms from both the Bacteria and Archaea domains of life. This process is known 
as nitrogen fixation, and is carried out by nitrogenase enzymes, where nifH is usually used as 
diagnostic gene (Eady, 1996; Zehr et al., 2003).
The nitrogen cycle is a concerted set of microbial reactions that occur in diverse environments 
throughout the biosphere. However, human intervention has altered the fluxes through 
chemical fixation of nitrogen, producing ammonium to satisfy the ever-increasing need for 
fertilizers and industrial processes. Furthermore, the agricultural demands of a growing 
human population will only keep increasing, thus putting more stress on food production which 
ultimately result in higher environmental impacts (Galloway et al., 2008; Erisman et al., 2008). 
The excess nitrogen, leaks into soil and aquatic ecosystems originating from multiple human 
activities such as agricultural systems (including rice paddy fields) and industrial wastewaters. 
Wastewater must thus be treated in wastewater treatment plants (WWTP) serving as a sink for 
pollutants, including nitrogen and organic carbon. In the next section, the context of nitrate- 
and nitrite-dependent methane oxidation in wastewater treatment is described. 
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Nitrate- and nitrite-AOM in wastewater treatment 
Nitrogenous pollutants originating from human activities, are mainly transported by water. 
Ammonium and its oxidized derivatives: nitrite and more environmentally relevant, nitrate, 
are the main forms of nitrogen pollution in aquatic ecosystems and are one of the two main 
pollution forms that are removed during wastewater treatment. The environmental impacts 
of nitrogen deposition in these environments, have surpassed the proposed safe boundaries 
for ecosystems disturbance (Rockstrom et al., 2009). The discharge of elevated amounts of 
nitrogen, results in eutrophication of aquatic ecosystems, and contributes to global warming 
by the production of nitrogen oxides (NO, NO2, N2O) throughout several steps of denitrification 
and ammonia oxidation (Galloway et al., 2008).
Ammonia, is removed via two possible processes. A combination of nitrification and 
denitrification steps, or the application of anaerobic ammonium oxidation (anammox: 
described in the Nitrogen cycle section) combined with partial nitritation of ammonium to 
nitrite (PN/A). Currently the partial oxidation of ammonia performed by AOB, combined with 
the anammox process; is successfully applied in wastewater treatment usually after the 
removal of organic matter either in activated sludge systems or anaerobic digesters (Kartal 
et al., 2010) (Figure 2). The PN/A process offers several advantages, to list a few: less aeration 
costs, cheaper infrastructure, no need for organic carbon (required in denitrification), and 
lower sludge production compared to aerobic systems, which ultimately results in lower sludge 
treatment costs. Nitrogen removal technologies have been subject to important engineering 
improvements with the application of anammox, however ammonium and nitrate are not the 
only compounds that need to be removed in wastewater. 
Figure 2 | Combination of partial nitritation and anammox (PN-A), currently applied for ammonium 
removal in wastewater treatment. Ammonium oxidizing bacteria (AOB, in purple) oxidize ammonium to 
nitrite, anaerobic ammonium oxidizing bacteria (anammox, in red) oxidize ammonium using the nitrite 
produced by AOB, to produce dinitrogen gas. Under 20% of the nitrite produced is oxidized to nitrate during 
carbon fixation (Kartal et al., 2013; Lotti et al., 2014).
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Organic matter can be removed in activated sludge systems, which represents the conventional 
treatment known since the 19th century. Another alternative is the use of anaerobic digesters, 
where organic matter is biologically converted to a mixture of carbon dioxide and methane. 
However, the formation of methane is not exclusive to anaerobic digesters in situ. 
Methane can be formed in sewage systems prior treatment of wastewater, when anaerobic 
conditions occur. Methane is released upon discharge into wastewater treatment facilities 
once the influents are aerated; making sewage an important source of methane that has 
been overlooked, and no accurate quantification is available to date (Guisasola et al., 2008). 
Furthermore, methane is not only a relevant greenhouse gas but also represents a risk for 
explosions in isolated cases (Spencer et al., 2006). 
The formation of methane in a wastewater treatment plant is highly dependent on the type 
of treatment. Secondary emissions of methane have been reported in wastewater treatment 
configurations that rely on canonical activated sludge systems, whereas in WWTP that utilize 
anaerobic digesters, methane is collected as biogas and used for the production of electricity. 
However, there is a dissolved fraction of methane that remains in effluents from anaerobic 
digestion systems, sludge thickening steps or from storage tanks; these sources of methane 
are of concern to the total emissions from wastewater treatment. The significance from these 
emissions is generally overlooked when the carbon footprint is analyzed as a whole, and 
ultimately electricity generation masks the carbon footprint of methane emissions which in 
average account for 1% of the COD. (Daelman et al., 2012; Daelman et al., 2013). The in situ 
methane production throughout diverse WWTP configurations, where an estimated amount of 
20 mgCH4 L
-1 is dissolved in effluents from i.e. up flow anaerobic sludge bed reactor (Kampman 
et al., 2014); and the co-occurrence of unwanted nitrogen compounds in wastewater, such as 
ammonium, nitrite and nitrate, create an ideal niche in which nitrate- and nitrite-dependent 
anaerobic methanotrophs could be applied .
The possibility to apply nitrate- and nitrite-AOM in wastewater treatment was postulated based 
on the similarities with aquatic ecosystems where this process has been reported. In 2012, a 
co-enrichment of anammox bacteria and ‘Ca. M. oxyfera’, where nitrite as common substrate 
served as electron acceptor for both methane and ammonia oxidation, was described (Figure 
3) (Luesken et al., 2011b). The concept where both processes Nitrite-AOM and anammox can 
be combined in wastewater treatment was recently reviewed in detail (Wang et al., 2017; van 
Kessel et al., 2018). 
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Figure 3 | Combination of nitrite-dependent anaerobic methane (in blue) and ammonium oxidation 
(anammox, in red) in laboratory scale reactor. Nitrite is the common electron acceptor for both anammox 
and “Ca. Methylomirabilis oxyfera” bacteria to oxidize ammonium and methane, respectively.
Under laboratory conditions, co-cultures of both anammox and Methylomirabilis bacteria 
compete for nitrite. Ammonium limitation is the key factor to regulate this competition, 
since anammox bacteria appear to have a higher affinity for nitrite and can tolerate higher 
concentrations of this compound compared to ‘Ca. M. oxyfera’ (Winkler et al., 2015; Carvajal-
Arroyo et al., 2013). The successful application of anammox bacteria is possible due to the low 
oxygen concentrations when ammonia is in excess. Under these conditions, aerobic oxidizing 
bacteria (AOB) and anammox form stable microbial interactions, where AOB produce the 
necessary nitrite for anammox to anaerobically oxidize the remaining ammonia (Sliekers et al., 
2002) (Figure 2). The exposure to oxygen has been investigated previously for both anammox 
bacteria and ‘Ca. M. oxyfera’. Under the conditions tested, anammox bacteria showed to be 
reversibly inhibited; while inhibition of ‘Ca. M. oxyfera’’ was irreversible. Furthermore, aerobic 
methane oxidizers became active (Strous et al., 1997; Luesken et al., 2012). The possibility to 
apply nitrate-dependent methane oxidizers (Methanoperedens archaea), represented by the 
model species ‘Ca. M. nitroreducens’ in an oxygen-limited system, shares similar constraints 
regarding the effect of oxygen on these archaea. The affinity for methane, compared to canonical 
aerobic methane oxidizing bacteria (MOB), is also a concern. Competition for methane could 
lead to a system failure if MOB take over methane oxidation upon oxygen exposure in an 
oxygen-limited system.
In summary, there are diverse factors that play a role in complex microbial interactions, such 
as oxygen inhibition, methane affinity, competition for substrates i.e. nitrite, inhibition from 
substrates, etc. 
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The microbial interactions of both nitrate- and nitrite-dependent methane oxidizers, the 
potential combination with anammox in an oxygen-limited system, and the complex microbial 
competition network expected, such as: aerobic ammonium and methane oxidizers; are 
depicted in Figure 4.  
Figure 4 | Integration of nitrate- and nitrite-dependent methane oxidation into partial nitritation-anammox 
(Nitrite/nitrate-AOM and PN-A). Processes are described in color coding, where anammox is shown in 
red, partial nitritation by AOB is shown in yellow, nitrite-AOM is represented in blue and nitrate-AOM 
is depicted in green. Unwanted processes are represented in broken arrows, purple is comammox or 
nitrite oxidizing bacteria, grey is aerobic methane oxidizers and black is heterotrophic denitrifiers. Limited 
oxygen to support partial nitritation of ammonia to nitrite, ammonia and methane from anaerobic digestion 
effluents and nitrate from recirculated effluents with poor nitrogen removal efficiency.
Outline of this thesis
In this introduction, methane as a greenhouse gas with relevant environmental concerns and 
the microorganisms that can convert methane into a less harmful CO2 gas, were discussed. 
Emphasis on the role of nitrate- and nitrite-dependent methane oxidation as a novel microbial 
sink for methane was given. The microorganisms responsible for this process, ‘Candidatus 
Methanoperedens nitroreducens’ and ‘Candidatus Methylomirabilis oxyfera’ are present 
in various environments. Interestingly most of the available enrichment cultures have been 
obtained with inocula sources originating from manmade environments such as agricultural 
ditches and wastewater treatment plants. In these environments, the nitrogen load is high 
due to human activities and the conditions allow for active methane production. Among these 
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environments, wastewater treatment is traditionally considered as a sink for pollutants, 
however in specific stages methane can escape to the atmosphere. The presence of methane 
and nitrogen compounds represent an opportunity for application of nitrate- and nitrite-AMO 
microorganisms that has been widely discussed in literature as an opportunity, but so far has 
not yet been achieved in practice. 
The available knowledge regarding the enrichment conditions and ecophysiology of nitrate- 
and nitrite-AMO microorganisms has been obtained through the successful establishment of 
laboratory scale bioreactor systems, in a similar fashion, in this thesis I attempted to shed 
light on the nitrate- and nitrite-AOM processes by studying diverse aspects of nitrate- and 
nitrite-AOM microorganisms in laboratory scale bioreactors. Ultimately this knowledge will 
complement the pioneer work started by Raghoebarsing et al., 2006. In Figure 5, a schematic 
description of the relevant enrichments from the past, and the present are outlined. In this 
scheme, the research lines of this thesis are highlighted to provide a clear understanding of 
the origin, microbial composition and objective of each bioreactor enrichment culture. 
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Figure 5 | Overview of the bioreactor enrichment cultures that are relevant to this thesis. A star represents 
original enrichments obtained from environmental samples. The enrichments used to produce the 
research described in this thesis are marked in orange as chapters. 
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In Chapter 2, the ecophysiology and microbial interactions of an upgraded version of a previous 
enrichment, where nitrate-dependent methane oxidation seemed to sustain a co-enrichment 
of nitrite-AOM bacteria was studied. Using a membrane bioreactor, the nitrogen conversions 
were characterized to elucidate the contributions of both microorganisms to the nitrate- and 
nitrite-AOM process. Complimentary, the microbial community of the system was characterized 
through fluorescence and electron microscopy. The emphasis of this chapter however, remains 
on the close cooperation of both nitrate- and nitrite-dependent methane oxidizers.
In Chapter 3, environmental conditions and source inoculum were changed from agricultural 
ditch sediments to paddy fields. Using soil from an Italian paddy field, a new enrichment of 
nitrate-AOM archaea was achieved. Metagenome sequencing revealed that a new nitrate-
AOM archaeal strain was obtained, closely related to ‘Candidatus Methanoperedens’. In this 
enrichment, nitrite-AOM bacteria also coexisted in similar syntrophic conditions as those 
described in Chapter 2. 
In Chapter 4, a previous enrichment of nitrite-AOM bacteria was scaled up and nitrate-AOM 
archaea were present as a minor fraction. By applying selective enrichment conditions and 
strategies to push the limits of growth, the archaeal population disappeared. With a bacterial 
culture, dominated by nitrite-AOM bacteria, the growth rate of the culture and the affinity of 
the bacteria for nitrite and methane were studied. The findings of this chapter contribute to the 
understanding of their physiology.
In order to achieve a higher enrichment of Methanoperedens archaea, in Chapter 5 a secondary 
bioreactor enrichment was scaled up. By applying selective pressure and specific conditions, 
we achieved the highest relative enrichment to date of these nitrate-AOM archaea. Surprisingly, 
the abundance of the bacterial partner responsible for nitrite-AOM decreased to a very low 
number (<2%). Using this biomass, we tested the oxygen inhibition in batch incubations in 
a similar fashion as it has been done for ‘Candidatus Methylomirabilis oxyfera’ in previous 
research. The transcriptomic analysis is described showing the effect of oxygen on the main 
metabolic pathways for methane oxidation and nitrate reduction, some insight into oxygen 
stress genes is described as well.  
In Chapter 6, the genome of a new species of the genus ‘Ca. Methylomirabilis’ is described and 
compared to the original ‘Ca. Methylomirabilis oxyfera’, to characterize their common traits. 
A third genome from an aerobic methylotroph, belonging to the NC10 phylum, was included in 
the analysis. The focus is to characterize the main metabolic pathways in the context of NC10 
phylum and to delimit the metabolic features of the genus level.
In Chapter 7 the main results are summarized and short outlook into future research and 
application is presented.
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Author contributions
This chapter is the combination of descriptive imagin (electron and fluorescent microscopy) 
with long term bioreactor performance data, to characterize the ecophysiology of the two main 
microorganisms present in the enrichment:  Methanoperedens archaea and Methylomirabilis 
bacteria.
Author contributions:
-  Set up, inoculaiton, enrichment, maintenance, and troubleshooting of the bioreactor 
system.
-  Characterization of the nitrogen conversions in the bioreactor, performed all 
physiological experiments.
-  Documentation of the nitrogen conversions and reactor performance for 2 years.
-  Provided the necessary data, to build up the eco-physiology approach of the microbial 
interactions illustrated by the microscopy images.
-  First and second author performed the characterization of the microbial community 
through fluorescent microscopy.
-  Wirintg of methods within the scope and discussion of the microbial interactions and 
nitrogen conversions between the dominant microorganisms. 
-  The biomass of this system served as biomass source to other research lines not 
related to this thesis:
	 •	Used	as	inoculum	for	the	work	described	by	Arshad	et al., 2017.
	 •	Served	as	continuous	biomass	source	for	the	work	performed	by	Berger	et al., 2017
	 •	The	author	provided	assistance	for	bioreactor	maintenance.
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Abstract
Methane is a very potent greenhouse gas and can be oxidized aerobically or anaerobically through 
microbial-mediated processes, thus decreasing methane emissions to the atmosphere. Using 
a complementary array of methods including phylogenetic analysis, physiological experiments, 
and light and electron microscopy techniques, we investigated the community composition, 
ultrastructure and microbial physiology of a continuous bioreactor enrichment culture, in which 
anaerobic methane oxidation (AOM) was coupled to nitrate reduction. A membrane bioreactor 
was seeded with AOM biomass and continuously fed with excess methane. After 150 days the 
bioreactor reached a daily consumption of 10 mmol nitrate L-1 d-1. The biomass consisted 
of aggregates that were dominated by nitrate-dependent anaerobic methane-oxidizing 
Methanoperedens-like archaea (40%) and nitrite-dependent anaerobic methane-oxidizing 
Methylomirabilis-like bacteria (50%). The Methanoperedens sp. were identified by fluorescence 
in situ hybridization and immunogold localization of the Methyl-Coenzyme M Reductase (Mcr) 
enzyme, which was located in the cytoplasm. The Methanoperedens sp. aggregates consisted of 
slightly irregular coccoid cells (~1.5 µm diameter) which produced extruding tubular structures 
and putative cell-to-cell contacts among each other. Methylomirabilis sp. bacteria exhibited 
the polygonal cell shape typical of this genus. In AOM archaea and bacteria cytochrome c 
proteins were localized in the cytoplasm and periplasm respectively by cytochrome staining. 
Our results indicate that AOM bacteria and archaea might work closely together in the process 
of anaerobic methane oxidation as the bacteria depend on the archaea for nitrite. 
Microorganisms performing nitrate- and nitrite-dependent anaerobic methane oxidation are 
important in both natural and man-made ecosystems such as wastewater treatment plants. In 
both systems, complex microbial interactions take place that are largely unknown. Revealing 
these microbial interactions, would enable us to understand how the oxidation of the important 
greenhouse gas methane occurs in nature and pave the way for an application of these microbes 
in wastewater treatment plants. Here, we elucidated the microbial composition, microbial 
ecology, and physiology of a nitrate-dependent AOM community of archaea and bacteria.
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Introduction
Anthropogenic influence on the carbon and nitrogen cycles has vastly increased since the 
industrial revolution, resulting in a significant contribution to greenhouse gas emissions and 
global warming (Denman et al., 2007; Galloway et al., 2004; Forster et al., 2007). Methane is a 
very potent greenhouse gas with a 25-30 times higher global warming potential than carbon 
dioxide on a scale of 100 years (Shindell, et al., 2009). Methane can be oxidized aerobically or 
anaerobically through microbial-mediated processes (Pimenov, et al., 1997, Hinrichs, et al., 
1999, Boetius, et al., 2000, Raghoebarsing, et al., 2006, Ettwig, et al., 2008, Knittel & Boetius, 
2009). Over the last two decades, the significance of anaerobic methane oxidation (AOM) in 
decreasing methane release to the atmosphere became clear, and the microorganisms 
responsible for AOM using sulfate, nitrite, nitrate, iron and manganese as electron acceptors, 
were identified (Boetius, et al., 2000; Raghoebarsing, et al., 2006; Beal, et al., 2009; Ettwig et 
al., 2010; Milucka, et al., 2012; Haroon et al., 2013; Ettwig, et al., 2016). AOM coupled to nitrate 
reduction was first described in a coculture of ANME (ANaerobic MEthanotrophic) archaea and 
bacteria of the NC10 phylum (Raghoebarsing, et al., 2006). Later studies showed that both the 
bacteria and archaea individually were capable of AOM, using nitrite and nitrate as electron 
acceptors, respectively (Ettwig, et al., 2008; Haroon, et al., 2013). 
‘Candidatus Methylomirabilis oxyfera’, the original cultured representative of the NC10 phylum, 
anaerobically oxidizes methane to carbon dioxide through a postulated intra-aerobic pathway 
(Ettwig, et al., 2010). This feature is unique to the Methylomirabilis genus within the NC10 
phylum, as recently confirmed through a comparative genomic analysis with a novel cultured 
species ‘Ca. Methylomirabilis lanthanidiphila’ (Versantvoort & Guerrero-Cruz, et al., 2018). In 
Methylomirabilis bacteria, nitrite is first reduced to nitric oxide, which is then proposed to be 
dismutated into oxygen and nitrogen, the produced oxygen is used to activate methane by a 
methane monooxygenase following the canonical aerobic methane oxidation pathway (Ettwig, 
et al., 2010). An ultrastructural study of ‘Ca. M. oxyfera’ revealed that this species is a polygonal 
rod with sharp cell ridges along the cell length (Wu, et al., 2012). 
AOM coupled to nitrate reduction to nitrite was shown to be performed by the archaeon 
‘Candidatus Methanoperedens nitroreducens’ (Haroon, et al., 2013). ANME archaea are related 
to methanogenic Euryarchaeota (Knittel, et al., 2005) and metabolize methane through the 
hypothesized reverse methanogenesis pathway, in which Methyl-Coenzyme M Reductase (Mcr) 
initiates the first step of methane oxidation (Haroon, et al., 2013). Recently a Methanoperedens-
like archaeon, belonging to ANME-2d, was found to reduce nitrate to ammonium via nitrite, 
and to couple methane oxidation to iron (III) and Mn (IV) reduction (Ettwig, et al., 2016). 
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Since both nitrite and nitrate coexist in the interface of oxic and anoxic environments, it was 
speculated that Methylomirabilis-like bacteria metabolize most of the nitrite produced by 
Methanoperedens-like archaea, thereby alleviating potential toxic effects of nitrite (Ettwig, et 
al., 2016). The capability of this combination of AOM microorganisms to metabolize polluting 
nitrogenous substrates may find application in more sustainable wastewater treatment plants 
(Luesken, et al., 2011b; Wang et al., 2017; van Kessel et al., 2018).
As only few studies investigated the community composition of nitrate AOM cultures, and 
none addressed the cell plan of the Methanoperedens-like archaea, we studied the microbial 
community composition and the ultrastructure of a nitrate-reducing AOM enrichment 
culture and its key players. We used light and electron microscopy techniques, physiological 
experiments and phylogenetic analysis to characterize the microbial community and provide 
insight into their metabolic interactions. 
In this chapter, the electron microscopy images serve as a visual representation of the 
ultrastructure of the Methanoperedens archaea, while the focus remains the ecophysiology of 
both dominant organisms.
Materials and methods
Enrichment conditions
To study a microbial population capable of nitrate-dependent anaerobic methane oxidation, 
a membrane bioreactor (MBR, working volume 2 L) (Applicon Biotechnology BV, Applisens, 
Schiedam, the Netherlands) was seeded with biomass (1 L, containing 51 mg/L of protein) from 
a culture consisting of about 40% Methanoperedens-like archaea and 40% Methylomirabilis-
like bacteria (Ettwig, et al., 2016). To supply methane and maintain anoxic conditions, the reactor 
was flushed continuously with CH4/CO2 (95/5%, 20 ml·min
-1). In addition, the medium was 
flushed continuously with Ar:CO2 (95:5). The MBR was stirred at 100 rpm and the temperature 
was maintained at 30°C with a water jacket. Mineral medium (adapted from Ettwig, et al., 
2009) containing nitrate (0.5 to 40 mM according to consumption rates) was added continuously 
to the reactor at a flow rate of 20 ml h-1 using a peristaltic pump equipped with Neoprene 
tubing (Cole-Parmer, IL, USA). The medium (not sterilized and not filtered) contained per liter: 
1 g KHCO3, 0.05 g KH2PO4, 0.3 g CaCl2·2H2O, 0.2 g MgSO4·7H2O, 0.5 ml acidic trace element 
solution, and 0.2 ml alkaline trace element solution. The acidic (100 mM HCl) trace element 
solution contained per liter: 2.085 g FeSO4·7H2O, 0.068 g ZnSO4·7H2O, 0.12 g CoCl2·6H2O, 0.5 g 
MnCl2·4H2O, 0.32 g CuSO4, 0.095 g NiCl2·6H2O, and 0.014 g H3BO3. The alkaline (10 mM NaOH) 
trace element solution contained per liter: 0.067 g SeO2, 0.050 g Na2WO4·2H2O, and 0.242 g 
Na2MoO4. 
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Analytical methods
Ammonium and nitrite samples taken at regular intervals and analyzed by colorimetric assays 
using spectrophotometry. Ammonium was determined at 420 nm wavelength after a reaction 
with orthophthalaldehyde, with a detection limit of 500 µM, as previously described (Taylor, et 
al., 1974). Nitrite was determined at 520 nm wavelength by the sulfanilamide reaction (Griess 
reaction), with a detection limit of 50 µM (Griess-Romijn van Eck, 1966). Nitrate was measured 
by conversion into nitric oxide at 95°C using a saturated solution of VCl3 in HCl (Braman & 
Hendrix, 1989). Nitric oxide was then measured using a nitric oxide analyser (NOA280i, GE 
Analytical Instruments, Manchester, UK).
Phylogenetic analysis
DNA was extracted from 4 mL biomass of the enrichment culture using the CTAB-based 
extraction method (Zhou, et al., 1996)and the Powersoil kit (MO-Bio, Carlsbad, USA). The quality 
of the DNA was checked by agarose gel electrophoresis (0.8%) stained with ethidium bromide. 
DNA concentration was determined using NanoDrop (Thermo Scientific). Genomic DNA (100 
ng) from each extraction method was sheared (6 cycles, 1 minute on, 1 minute off) using 
sonication (Bioruptor®, Diagenode, Liege, Belgium). Library preparation was performed using 
the Ion Plus Fragment Library Kit (Thermo Scientific) following manufacturer’s instructions. 
Size selection was performed using E-gel®SizeSelectTM Agarose gel (Life Technologies). 
The size-selected libraries were then amplified using OneTouch 400 bp kit and sequenced 
on the IonTorrent PGM using the Ion PGM 400 bp sequencing kit and one Ion 318 v2 chip 
(Thermo Scientific). The sequencing resulted in 1,665,605 reads from CTAB extraction method 
and 619,523 from Powersoil Kit. The reads were imported to the CLC genomics workbench 
(v10, CLCbio, Arhus, Denmark), quality trimmed using standard settings and reads shorter 
than 100 bp were discarded. This resulted in a dataset with 1,531,534 reads from the CTAB 
extraction method and 527,918 reads from the Powersoil Kit. For 16S rRNA gene analysis, 
the trimmed reads were mapped (global alignment, mismatch penalty 2, in/del penalty 3, 
70% identity over 50% of the read length) to a 16S rRNA gene reference sequence database 
(Silva SSU Ref NR 119, 534968 sequences) (www.arb-silva.de).  The 9,630 mapped reads were 
extracted and in a second step blasted against the same database using an E-value of 10-
6. The resulting 1,122 sequences were aligned using the SINA aligner and imported into an 
ARB version of the Silva SSU Ref NR 119 database (Wolfgang, et al., 2004). Sequences were 
added to the existing tree using the quick-add function and position variability filter bacteria 
implemented in ARB. Sequences were submitted to European Nucleotide Archive (ENA) with 
accession numbers ERS1810550 and ERS1810551. For phylogenetic analysis the 9,630 mapped 
reads were assembled using CLC with a word size of 15, a bubble size of 273 and minimum 
contig length of 500 bp. The resulting contigs were compared with BLAST against the Silva SSU 
RefNR 128 database to identify the 16S rRNA genes of both Methanoperedens-like archaea 
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and Methylomirabilis-like bacteria. Alignments with related species and phylogenetic tree 
constructions were performed using MEGA6 (Tamura, et al., 2013).
Fluorescence in Situ Hybridization (FISH)
After 40 days since the start of the culture, 1.5 ml of biomass was harvested from the enrichment 
culture, centrifuged and the pellet was washed twice with 1 ml phosphate-buffered saline 
(PBS: 130 mM NaCl and 10 mM phosphate buffer pH 7.4). The samples were fixed with 900 µl 
paraformaldehyde for 3 h at 4°C. FISH was performed as previously described (Ettwig, et al., 
2008), using 20% formamide stringency. To facilitate the attachment of the granular biomass 
to the slides, silane coated-slides were used. The following oligonucleotide probes were used: 
DAMOBACT-0193 (CGC TCG CCC CCT TTG GTC) specific for Methylomirabilis-like bacteria; 
DAMOARCH-0641 (GGT CCC AAG CCT ACC AGT) specific for Methanoperedens-like archaea; 
EUB 338 (S-D-Bact-0338-a-A-18) (Amann, et al., 1990), EUB 338 II (S-D-Bact_0338-b-A-18) 
and EUB 338 III (S-D-Bact-0338-c-A-18) (Daims, et al., 1999) for most bacteria; S-D-Arch-
0915-a-A-20 for most archaea. Images were collected with a Zeiss Axioplan 2 epifluorescence 
microscope equipped with a CCD camera, together with the Axiovision software package 
(Zeiss, Germany).
Cryo-fixation, freeze-substitution, Lowicryl-embedding, sectioning and post-staining
After 60 days since the start of the culture, cells were placed into the 100 µm cavity of a platelet 
(3 mm diameter; 0.1-0.2 mm depth, Leica Microsystems), closed with the flat side of a lecithin-
coated platelet (3 mm diameter; 0.3 mm depth) and cryoimmobilized by high-pressure freezing 
(Leica HPM100). The platelets were stored in liquid nitrogen.
For Lowicryl embedding, frozen samples were freeze-substituted in 0.2% uranyl acetate in 
anhydrous acetone. The substitution started at -90°C for 48 h; brought to -70°C at 2°C per 
hour and kept at -70°C for 12 h; brought to -50°C at 2°C per hour and kept at -50°C for 12 h 
in a freeze-substitution unit (AFS2; Leica Microsystems, Vienna, Austria). To remove uranyl 
acetate, the samples were washed twice with 100% acetone for 30 min at -50°C. Keeping the 
temperature stable at -50°C, the sample was infiltrated with a dilution series of Lowicryl (10%, 
25%, 50%, 75%) in acetone. Each step was one hour long. Three final infiltration phases were 
performed with 100% Lowicryl: first for 1.5 h, then overnight and finally 2 h. Polymerization 
of the resin was obtained by irradiating the sample with UV light for 96 h, after which the 
temperature was brought to 0°C in 24 h at 2.1°C per hour. UV light was switched off and the 
temperature was brought to 20°C in 5 h at 4°C per hour. Ultrathin sections of 55 nm were cut 
using a Leica UCT microtome (Leica Microsystems, Vienna, Austria) and collected on carbon-
Formvar-coated 100 mesh hexagonal square copper grids (reference number G2100C, Agar 
Scientific). The sections were post-stained with 2% uranyl acetate, washed with MilliQ water, 
and investigated at 60 kV in a JEOL JEM-1010 TEM (Tokyo, Japan).
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Cell-free extract, PAGE and immunoblotting
A sample of 100 ml was harvested from the enrichment culture and centrifuged for 15 min 
at 4 °C at 10,000 g in a Sorvall centrifuge (Sorvall Lynx 4000). The pellet (about 3 ml) was 
resuspended in 10 ml of 40 mM potassium phosphate buffer at pH 7. To disrupt the microbial 
aggregates, the sample was mildly pottered on ice. Cells were passed through a French press 
operated at 138 MPa in three passages. A protease inhibitor cocktail (Pierce Protease Inhibitor, 
Mini tablets, EDTS-free, Thermo Scientific) was added and the sample was incubated at 4 °C 
for 5 min. To remove intact cells and debris, the crude extract was centrifuged in a Sorvall 
centrifuge for 15 min at 10,000 g at 4 °C. The resulting supernatant was the cell-free extract. 
The cell-free extract was boiled for 7 min in SDS sample buffer (158 mM Tris-HCl buffer (pH 7) 
containing 5% β-mercaptoethanol, 2.6% SDS, and 16% glycerol), and 24 µg protein (determined 
using 2-D Quant Kit, GE Healthcare) per lane was loaded onto 4-15% Criterion TGX precast 
gels (Bio-Rad) for polyacrylamide gel electrophoresis (PAGE) according to manufacturers’ 
instructions. After PAGE separation, the proteins were transferred from the gel onto a Trans-
blot Turbo, Midi format 0.2 µm nitrocellulose transfer membrane (Bio-rad) with the Turbo 
blotter system (Bio-rad) according to manufacturer’s instructions. The blotting was performed 
at 2.5 A, 25 V for 7 min. Dried blots were stored at 4°C. 
Prior to starting the immunoblot protocol, blots were kept at RT for 30 min and then incubated 
in MilliQ water for an additional 30 min. Blocking was performed for 1 h in 5% skimmed milk 
powder (Frema Reform Instant Skimmed Milk Powder) in 10 mM TBS (10 mM Tris-HCl, 137 mM 
NaCl, 2.7 mM KCl, pH 7.4). The blots were then incubated for 60 min in anti-Methyl-Coenzyme 
M Reductase (Mcr) antibody (obtained from Milucka, et al., 2013) diluted 500-fold in blocking 
buffer. The negative control was only incubated in blocking buffer. The blots were then washed 
three times for 10 min in TBS containing 0.05% Tween and incubated for 60 min in monoclonal 
mouse anti-rabbit IgG alkaline phosphatase conjugate (Sigma-Aldrich) diluted 150,000-fold in 
blocking buffer. The blots were washed two times for 10 min in TBS containing 0.05% Tween 
and two times for 10 min in TBS. Finally, blots were incubated with a 5-bromo-4-chloro-3-
indolylphosphate (BCIP)/ nitroblue tetrazolium (NBT) liquid substrate system (Sigma-Aldrich) 
for 5 min and rinsed for 10 min in MilliQ water.
Immunogold localization of Mcr in Methanoperedens sp. Archaea
Ultrathin sections (55 nm) of the Lowicryl-embedded samples from the enrichment culture 
were collected on 50 mesh copper grids with a carbon-coated formvar support film (FC200Cu, 
Agar Scientific). Grids containing sections were rinsed for 10 min in 0.1 M PHEM buffer pH 
6.9 (60 mM Pipes, 25 mM Hepes, 10m mM EGTA, 2 mM MgCl2) and blocked for 20 min in 
0.5% BSA-c (Aurion) in 0.1 M PHEM buffer pH 6.9. Grids were incubated for 60 min at room 
temperature with the primary antibody targeting Methyl-Coenzyme M Reductase (Mcr) diluted 
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1:300 in blocking buffer. Negative controls were incubated for 60 min in blocking buffer without 
primary antibody. After this incubation, the grids were washed for 10 min in 0.1 % BSA-c in 0.1 
M PHEM buffer pH 6.9 and incubated for 30 min with secondary antibody, protein A coupled to 
10 nm gold particles (PAG 10, CMC UMC Utrecht), diluted 70-fold in blocking buffer. The grids 
were then washed again first in 0.1% BSA-c in 0.1 M PHEM buffer pH 6.9 for 5 min and then in 
0.1 M PHEM buffer pH 6.9 for 5 min. To fix the labelling, the grids were incubated for 5 min in 
1% glutaraldehyde in PHEM buffer pH 6.9 and subsequently washed for 10 min in MilliQ water. 
Post-staining was performed by incubation for 1 min on drops of Reynolds lead citrate, after 
which the grids were quickly washed on three drops of MilliQ water and allowed to air dry. The 
sections were investigated at 60 kV in a JEOL JEM-1010 TEM (Tokyo, Japan).
Cytochrome staining 
The cytochrome peroxidase reaction was modified from a method described earlier (Seligman, 
et al., 1968). Cells from the enrichment culture were fixed for 30 min in 100 mM cacodylate 
buffer pH 7.2, containing 1.5% glutaraldehyde and 4% formaldehyde and washed with 150 mM 
sucrose in 100 mM cacodylate buffer pH 7.2. Cells were incubated for 25 min with 2.5 mM 
3-3’ diaminobenzidine (DAB) and 0.02% H2O2 in 100 mM cacodylate buffer pH 6.5 and washed 
with cold 100 mM cacodylate buffer pH 7.2, containing 150 mM sucrose. Negative controls 
were preincubated for 10 min with 100 mM potassium cyanide in 100 mM cacodylate buffer pH 
6.5, and then incubated with DAB and H2O2 in the presence of potassium cyanide. Cells were 
postfixed for 90 min in 2% osmium tetroxide in MilliQ water at 4°C, washed with MilliQ water, 
and embedded in 2% low-melting-point agarose. Cells were dehydrated in a graded ethanol 
series (25, 50, 70, 80, 90 and 96% ethanol) and then in 100% propylene oxide and subsequently 
embedded in Epon resin. For embedding, cells were infiltrated overnight in 1:1 propylene 
oxide:Epon, then 8 hours in 1:2 propylene oxide:Epon and overnight in pure Epon. Fresh 
Epon was used for final polymerization for 48 h at 70°C. Ultrathin sections were investigated 
unstained using a JEOL (Tokyo, Japan) JEM-1010 TEM operated at 60 kV.
Results
Enrichment of a methane-oxidizing enrichment culture
A membrane bioreactor was started with 1 L biomass (51 mg L-1 protein) and continuously fed 
with excess methane. The nitrate concentration in the influent was increased from 0.5 to 40 
mM according to reactor performance in 150 days (fig. 1). During the first 50 days, nitrate and 
nitrite accumulation occurred intermittently. After 150 days, the bioreactor reached a daily 
consumption of 10 mmol nitrate L-1 d-1 at a hydraulic retention time of 4 days. The hydraulic 
retention time and increas in the concentration of the supplied substrates were adjusted 
according to the conversion efficiency of the bioreactor; when there was no detectable nitrate, 
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either substrate concentration was increased, or hydraulic retention time was decreased. 
Ammonium accumulation was observed ranging between 0.5-1 mM, which corresponded to at 
most 10% of the nitrate concentration in the influent. After one year, the protein concentration 
in the reactor was reactor 2.2 g L-1.
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Figure 1 | Concentrations (in mM) of ammonium, nitrite and nitrate over time (in days) in a continuous 
anaerobic methane-oxidizing membrane bioreactor. The broken line represents the concentration of 
nitrate in the medium. The green line represents the nitrate concentration in the reactor, the purple line 
represents the nitrite concentration in the reactor, the yellow line represents the ammonium concentration 
in the reactor, and the black line represents the nitrate load into the reactor. 
Phylogenetic analysis 
To investigate the microbial composition of the enrichment culture, we extracted the total DNA 
from the bioreactor using both the CTAB-based extraction method (Zhou, et al., 1996) and the 
Powersoil kit (MO-Bio, Carlsbad, USA). The number of reads obtained with the CTAB method 
after trimming (1,531,534 reads) was higher than obtained using the Powersoil kit (527,918 
reads). With the Powersoil method, 93% of the reads were bacterial and only 7% archaeal 
whereas with the CTAB method only 2% of the reads were archaeal (table 1). Mapping the 
sequence reads to the Silva 16S rRNA database indicated two dominant microorganisms in 
the enrichment culture: NC10 bacteria (mainly Methylomirabilis sp., 44.4% for CTAB and 34% 
for Powersoil kit) being the most represented bacterial phylum, and Methanoperedens-like 
archaea the only archaea detected in the enrichment culture. To determine the other phyla 
within the community, we set a threshold at ≥ 1%. Proteobacteria (15% for CTAB and 19% 
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for Powersoil kit), Planctomycetes (15% for CTAB and 18% for Powersoil kit), Chlorobi (7.6% 
for CTAB and 7% for Powersoil kit), Chloroflexi (4.7% for CTAB and 3% for Powersoil kit), 
Bacteroidetes (1.8% for CTAB and 2.1% for Powersoil kit) and Acidobacteria (2.7% for CTAB 
and 1.8% for Powersoil kit) were detected.
Table 1 | Abundance of the different microbial communities (at the phylum level) in the AOM bioreactor. 
Total microbial DNA was extracted with the CTAB method and Powersoil kit. Abundances are expressed 
in percentage.
Phylum
DNA extraction method
CTAB (%) Powersoil kit (%)
ANME2d 2.2 7.6
Acidobacteria 2.7 1.8
Bacteroidetes 1.8 2.1
Chloroflexi 4.7 3
Chlorobi 7.6 7
NC10 44.4 34
Planctomycetes 15 18
Proteobacteria 15 19
Others 6.7 7
Near-complete sequences of two Methylomirabilis strains and one Methanoperedens-like 
species were identified. Based on coverage, the two Methylomirabilis strains were present in 
about equal amount, one being most closely related to the original Methylomirabilis oxyfera 
(Raghoebarsing, et al., 2006) and the other a new Methylomirabilis species (96% identity of 
the 16S rRNA gene, described in Chapter 6, Versantvoort, Guerrero-Cruz, et al., 2018). The 
Methanoperedens-like species was very closely related to a strain described before (Arshad, 
et al., 2015, Ettwig, et al., 2016) and showed 95% identity to the 16S rRNA gene of “Candidatus 
Methanoperedens nitroreducens” (Haroon, et al., 2013).
Community (ultra)structure 
The enrichment culture was examined using light and electron microscopy-based approaches 
to investigate the microbial community and ultrastructure of morphology of the most abundant 
microorganisms within the community. First, FISH was performed by combining probes 
targeting Methylomirabilis-like bacteria (DAMOBACT-0193), Methanoperedens-like archaea 
(DAMOARCH-0641), most Bacteria (Eub 338 (Amann, et al., 1990), EUB 338 II and III (Daims, et al., 
1999), and most Archaea (S-D-Arch-0915-a-A-20). Based on the FISH analysis, the community 
was dominated by Methylomirabilis-like bacteria (approximately 50%; fig. 2A in cyan) and 
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Methanoperedens-like archaea (approximately 40%; fig. 2A in orange). Bacteria not belonging 
to Methylomirabilis were also detected, and comprised about 10% of the total community, 
whereas no archaea other than Methanoperedens-like were detected. Methylomirabilis-
like bacteria and Methanoperedens-like archaea occurred together in aggregates, in which 
Methanoperedens-like cells formed a cauliflower-shaped aggregate and Methylomirabilis-like 
bacteria surrounded the Methanoperedens-like cells (fig 2). All cells in the community were 
embedded in a matrix of EPS (Extracellular Polymeric Substances) (fig. 2B).
Figure 2 | Fluorescence in situ hybridization of biomass from the AOM enrichment culture. Epifluorescent 
micrographs taken with 40x magnification after hybridization with probes DAMOBACT-0193 (fluos dye) 
for Methylomirabilis-like bacteria; DAMARCH-0641 (CY3 dye) for Methanoperedens-like archaea.; EUB 
338, EUB338 II and III (CY5 dye) for most bacteria;  S-D-Arch-0915-a-A-20 (fluos dye) for most archaea. 
A) Methanoperedens-like archaea are depicted in red, Methylomirabilis-like bacteria are in green. B) 
Methanoperedens-like archaea are depicted in red, Methylomirabilis-like bacteria are depicted in blue, 
and EPS are depicted as a diffuse capsule in cyan. Scale bar 20 µm.
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Electron microscopy of cryo-fixed, freeze-substituted and resin-embedded cells was used 
to investigate the ultrastructure of the microbial population (Fig. 3, supplementary fig. 1). 
Methylomirabilis sp. bacteria could be recognized by their polygonal cell shape and surrounded 
the compact Methanoperedens sp. aggregates in line with the observation of the fluorescence 
light microscopy. The other microorganisms present in the community showed a number of 
different ultra-structures as shown in supplementary fig. 1.
Cell biology of Methanoperedens-like archaea
Methyl-coenzyme M reductase (Mcr), which is the methane-activating enzyme in archaeal 
methanotrophs (Friedrich, 2005), was used to identify the Methanoperedens sp. archaea in the 
enrichment culture. The immunogold localization of Mcr resulted in an abundant and specific 
labelling of the cytoplasm of Methanoperedens sp. cells, with very low background labelling 
(fig. 4). 
Methanoperedens sp. were slightly irregular coccoid cells (approx. 1.5 µm diameter) 
occurring in aggregates. In the aggregate, the cells were surrounded by a thick EPS matrix, 
which often distorted the round cell shape. No flagella or other appendages were observed. 
Methanoperedens sp. archaea contained an electron-dense, low in contrast and compact 
cytoplasm with evenly distributed ribosomes and no intracellular structures. Putative cell-to-
cell contacts were observed between Methanoperedens sp. adjoining cells in the aggregates 
(fig. 3C). Since Methanoperedens-like archaea were recently shown to encode for a high 
amount of multiheme c-type cytochromes (Ettwig, et al., 2016), we performed a cytochrome 
staining on Methylomirabilis sp. and Methanoperedens sp. cells to localize their cytochromes. 
Figure 3 | Transmission electron micrographs of high-pressure frozen, freeze-substituted, resin-embedded 
and thin-sectioned cells from the AOM enrichment culture. A) overview of the enrichment culture showing 
aggregates of Methanoperedens sp. archaea at the top and Methylomirabilis sp. bacteria at the bottom. 
B) Methylomirabilis sp. bacterium. C) Methanoperedens sp. cells showing putative cell-to-cell contacts 
(arrows) and tubules (arrowhead). Scale bar 5 µm (A); 200 nm (B, C).
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 57
Ecophysiology of an N-AOM culture and its composition
57
2
Figure 4 | Transmission electron micrographs of high-pressure frozen, freeze-substituted, resin-
embedded and thin-sectioned Methanoperedens sp. cells showing immunogold localization of Methyl-
Coenzyme M Reductase (Mcr). A) Mcr was labelled with protein A-gold and localized in the cytoplasm of 
Methanoperedens sp. archaea (see arrowhead for example of a gold label); B) negative control showing no 
labelling. Scale bar 200 nm.
Figure 5 | Transmission electron micrographs showing the cytochrome staining on Methanoperedens sp. 
archaea (A, B) and Methylomirabilis sp. bacteria (C, D). (B) and (D) are negative controls of (A) and (C) 
respectively. The cytochrome staining stains the cytoplasm in Methanoperedens sp. archaea (A) and is 
most intense in close proximity to the cytoplasmic membrane. In Methylomirabilis sp. bacteria (C) the 
periplasm is stained. Scale bar 200 nm.
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Fig. 5A and 5C show Methanoperedens sp. archaea and Methylomirabilis sp. bacteria 
respectively in which cytochromes were stained with DAB, compared to cells in fig. 5B and 
5D, in which potassium cyanate was used to inhibit the cytochrome staining (negative control). 
Compared to the negative control, the cytoplasm of cytochrome-stained Methanoperedens 
sp. archaea appeared darker, especially in close proximity to the cytoplasmic membrane. No 
increased electron density was observed in the EPS that embedded the Methanoperedens sp. 
cells compared to the negative control. In Methylomirabilis sp. cells, the cytochrome staining 
was confined to the periplasmic area, with no staining in the cytoplasm or in the surrounding 
EPS (fig. 5C).
Discussion
Methane is an important greenhouse gas, and anaerobic methane oxidation may significantly 
reduce methane emission to the atmosphere. To get more insight into the process of nitrate-
dependent methane oxidation, we studied the community composition, cell biology and 
microbial ecology of an enrichment culture dominated by Methanoperedens-like archaea and 
Methylomirabilis-like bacteria. 
Phylogenetic analysis
To investigate the community composition of the enrichment culture, we performed a 
phylogenetic analysis focused on the 16S rRNA genes. The archaeal population consisted 
only of Methanoperedens sp. Archaea. The bacterial population was heterogeneous but 
dominated by Methylomirabilis sp. bacteria followed by Planctomycetes, Proteobacteria, 
Chlorobi, Chloroflexi, Acidobacteria and Bacteroidetes. The 16S rRNA gene analysis revealed 
that two Methylomirabilis sp. strains were present in the enrichment culture (Ettwig et al., 
2010; Versantvoort & Guerrero-Cruz, et al., 2018). No ultrastructural differences were 
observed between the two Methylomirabilis sp. strains. To reduce possible methodological 
bias, two different DNA extraction methods were used. Even though both methods identified 
the same most abundant microorganisms, they yielded low amounts of archaeal DNA, severely 
underestimating the amount of archaeal cells in the enrichment culture. In the 16S rRNA 
gene analyses we found only 2.2% and 7.6% archaeal reads from CTAB and Powersoil kit DNA 
extraction respectively, which was much lower than the 40% observed with FISH analysis. DNA 
extraction methods that include mechanical lysis (such as the Powersoil kit) have been shown 
to yield more (archaeal) DNA in case of environmental samples (Natarajan, et al., 2016), and 
to provide less biased archaeal community results (Bergmann, et al., 2010; chapter 5 of this 
thesis). Probably due to the more rigid cell walls of archaea compared to those of bacteria 
(Albers & Meyer, 2011) and the presence of a thick matrix surrounding the cells, the archaeal 
population might be underestimated in community studies. However, even in the case of the 
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Powersoil kit, we obtained much less archaeal DNA than expected from FISH analysis. From 
this we conclude that even harsher DNA extraction methods are needed (with more intense 
mechanical shearing) to obtain more representative results for the archaeal abundance 
(Chapter 5 of this thesis). On the other hand, when using even harsher DNA extraction methods, 
there is a high risk of bacterial DNA shearing (Albertsen, et al., 2015). Surveys using standard 
DNA extraction methods also might greatly underestimate the abundance of these archaea in 
natural and man-made ecosystems. Next to the bias introduced by the DNA extraction method, 
the presence of multiple 16S rRNA gene copies per genome in certain microorganisms can 
also give rise to a misrepresentation of the actual abundance upon phylogenetic analysis, thus 
making FISH analysis a stronger aid in the characterization of complex communities. 
Nitrogen conversions in the enrichment culture
To determine the relative contribution of the methane-oxidizing microorganisms to nitrogen 
conversions in the enrichment culture, we monitored nitrate, nitrite and ammonium 
concentrations in the continuous membrane bioreactor. After an adaptation period of 150 days to 
the new growth conditions, the enrichment culture reached a nitrate reduction rate of 10 mmol 
L-1 d-1, which was 20 times higher than the rate of the enrichment culture described previously 
(Ettwig, et al., 2016). Approximately 10% of the reduced nitrate was recovered as ammonium, 
indicating that anaerobic ammonium-oxidizing bacteria were not present in the bioreactor, 
which was in line with the phylogenetic analysis of the culture. Ammonium accumulation was 
in agreement with previous results showing that Methanoperedens-like archaea reduce nitrate 
to ammonium via nitrite, most likely achieved by the concerted action of nitrate reductase 
(encoded by NarGH) and the ammonium-producing nitrite reductase (encoded by NrfAH) 
proteins (Arshad, et al., 2015). Still, when nitrate was supplied continuously, under apparent 
steady state conditions, nitrite was not detected, unlike the transient accumulation observed 
previously when nitrate was added in pulses under batch cultivation (Ettwig, et al., 2016). This 
suggested that nitrate reduction to nitrite occurred at a higher rate than nitrite reduction to 
ammonium. The remaining 90% of the reduced nitrate was most likely converted via nitrite to 
nitrogen gas through the activity of nitrite-dependent Methylomirabilis sp. bacteria. This could 
be an indication that under these growth conditions, Methylomirabilis sp. bacteria were more 
efficient in converting nitrite than Methanoperedens sp. archaea. The affinity for nitrite and 
methane of Methylomirabilis bacteria is discussed in chapter 4.
Cell biology
In addition to molecular and physiological studies, the microbial population was also 
investigated through light and electron microscopy, in particular focusing on the ultrastructure 
of the Methanoperedens sp. archaea. FISH and thin sections of cryo-fixed, freeze-substituted 
and resin-embedded samples showed that the archaea cells formed compact aggregates and 
the bacteria surrounded the archaea.  
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Identification of Methanoperedens-like archaea
To identify the Methanoperedens-like cells within the microbial community, we performed an 
immunogold labelling on resin-embedded sections to target Mcr. We used an α-Mcr antibody 
developed against Mcr purified from the methanogen M. barkeri (Milucka, et al., 2013) to target 
Mcr in Methanoperedens-like cells. The similarity of Mcr between M. barkeri and ANME archaea 
has been shown to allow the specific targeting of ANME-2 cells (Heller, et al., 2008; Milucka, 
et al., 2013). In agreement with previous observations, the Mcr specific labelling was localized 
in the cytoplasm of Methanoperedens-like cells. As other ANME-2 archaea, Methanoperedens 
sp. archaea appeared as slightly irregular coccoid cells of about 1.5 µm diameter, growing in 
cauliflower-shaped aggregates and embedded in a thick matrix (Heller, et al., 2008). A similar 
cell morphology and aggregate structure has been described for methanogens M. mazei 
(Wrede, et al., 2013), M. thermophile (Zinder, et al., 1985) and M. barkeri (Maeder, et al., 2006) 
of the order Methanosarcinales. This structure was observed consistently in FISH images from 
the granular clusters from this enrichment (Figure 2). The close proximity of Methylomirabilis 
bacteria, are likely the reason for the concerted reduction of nitrite as intermediate from the 
archaeal nitrate reduction.
Methanoperedens-like archaea ultrastructure
Tubular structures and putative direct cell-to-cell contacts were observed between 
Methanoperedens sp. cells. The putative cell-to-cell contacts appeared as protrusions of the 
cell wall of two adjoining Methanoperedens sp. cells. In some cases, the two cell walls were 
intact at the interaction area between two cells and in other cases the cell walls appeared 
blurry and it was difficult to assess whether they were still intact or fused together. If cytoplasm 
sharing occurred between Methanoperedens sp. cells, these putative connections could serve 
as cytoplasmic bridges to transfer (genetic) material, as it was shown, for example, for the 
archaeon H. volcanii (Rosenshine, et al., 1989). 
Genomes of ANME microorganisms, particularly Methanoperedens-like archaea, were recently 
shown to encode for a high number of c-type cytochromes (Haroon, et al., 2013, Wang, et al., 
2014, Arshad, et al., 2015, Ettwig, et al., 2016). In the light of these findings, we performed 
cytochrome staining on the enrichment culture. Cytochrome staining was most electron-dense 
in close proximity to the cytoplasmic membrane of Methanoperedens sp. archaea, indicating 
that these areas were rich in cytochromes. This is the same area in which most of the c-type 
cytochromes of Methanoperedens sp. archaea are predicted to be located based on genome 
analysis (Arshad, et al., 2015). The cytochrome staining of Methanoperedens sp. cells did not 
show staining of the matrix surrounding the archaea. In previous studies (McGlynn, et al., 2015, 
Wegener, et al., 2015), ANME-1 and -2 archaea were suggested to promote electron transfer 
in a methanotrophic consortium with sulphate-reducing bacteria. Therefore, unlike observed 
for other types of ANME archaea, we did not find indications that Methanoperedens-mediated 
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extracellular electron transfer was occurring in our enrichment culture. In Methylomirabilis sp. 
bacteria the cytochrome staining highlighted the periplasm. This is in line with the suggestion 
that cytochrome c proteins of Methylomirabilis-like bacteria (NirS, MxaF, Hao) are transported 
to the periplasm, after cleavage of their signal peptides (Ettwig, et al., 2010).
The presence of a heterogeneous bacterial community was confirmed by observations of 
different morphologies in resin-embedded samples for EM. In some cases, it was possible 
to speculate on which morphology belonged to which phylum. For example, long filamentous 
bacteria (supplementary fig. 1C) were described in the Proteobacteria, Chloroflexi and 
Bacteroidetes phyla. Since filamentous Proteobacteria and Bacteroidetes are known to be less 
or not active under anoxic conditions (Levantesi, et al., 2004, Kragelund, et al., 2006, Kragelund, 
et al., 2008), the filamentous bacteria present in our enrichment culture might belong to the 
phylum Chloroflexi, which can thrive in anoxic environments (Sekiguchi, et al., 2003, Yamada, 
et al., 2006). Because Chloroflexi feed on organic compounds, it is possible that these are 
provided by the other members of the microbial community. 
Concluding remarks
In nitrate-dependent AOM communities multiple microbial species interact with each 
other but their relationships are complex and unknown. Here we studied the composition 
and ultrastructure of a nitrate-dependent AOM community. In this continuous bioreactor 
system, bacteria and archaea reduce nitrate to nitrogen gas via their concentred activity. 
Methanoperedens archaea reduce nitrate to nitrite as an intermediate, which is then further 
reduced by Methylomirabilis bacteria to dinitrogen gas. Although we observed putative 
cell-to-cell connections among individual Methanoperedens sp. cells, no direct cell-to-cell 
contacts were observed between bacteria and archaea. Nevertheless, the close proximity in 
micro aggregates allows the exchange of intermediates and is likely the cause for this close 
connection between nitrate- and nitrite-AOM. The heterogeneity of the system and the novelty 
of the microbes involved in the nitrate- and nitrite-dependent AOM processes leave plenty of 
room for further physiological and community studies. A better understanding of the physical 
and metabolic interactions taking place in these communities would shed light on how 
methane is oxidized in nitrate-rich environments and help design wastewater treatment plants 
where these microorganisms might find an application in biological methane removal. Several 
aspects of the physiology, and important parameters crucial for application scenarios are dealt 
with in the following chapters of this thesis. 
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Supplementary figures
Suppl. Fig. 1 | Transmission electron micrographs of high-pressure frozen, freeze-substituted, resin-
embedded and thin-sectioned cells from the AOM enrichment culture. A number of different morphologies 
were observed. Here the most recurring ones are shown, besides Methylomirabilis sp. bacteria and 
Methanoperedens sp. archaea. Scale bar 200 nm (A, D); 500 nm (B, C, E, F).
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 63
Ecophysiology of an N-AOM culture and its composition
63
2
Acknowledgements
LvN and MJ designed the project. LG, SG, HOdC, BK, CL and LvN designed the experiments. LG 
and RM performed all TEM related experiments. SG maintained and enriched the enrichment 
culture and performed the physiological experiments. LG performed the DNA extractions and 
the 16S rRNA gene analysis. GC performed the library preparation and the sequencing. LG, 
GC and HOdC performed the phylogenetic analysis. LvN, HOdC, BK and CL supervised the 
research. LG and LvN wrote the manuscript with input from SG, RM, GC, MJ, HOdC and BK.
LG, CL and MJ are supported by the ERC-AG339880, and MJ and GC also by OCW/NWO 
Gravitation grant (SIAM024002002). SG is supported by STW 13146. RM is supported by NWO 
Spinozapremie 2012 of MJ. HOdC is supported by ERC-AG669371. BK is supported by ERC 
640422.
We thank Jana Milucka for providing the α-Mcr antibody; Anniek de Jong, Daan Speth, Marjan 
Smeulders, Karin Stultiens, Arjan Pol, and Maartje van Kessel for practical assistance; Geert-
Jan Janssen and the General Instruments department for maintenance of the EM equipment; 
Joachim Reimann, Simon Lindhoud, Anniek de Jong, Jeroen Frank and Martine Kox for 
stimulating discussions.
The authors declare that the research was conducted in the absence of any commercial or 
financial conflict of interest.
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 64
previously published as: 
Annika Vaksmaa1, Simon Guerrero-Cruz1, Theo A. van Alen1, Geert 
Cremers1, Katharina F. Ettwig1, Claudia Lüke1, Mike S. M. Jetten1,2,3
1  Department of Microbiology, IWWR, Radboud University Nijmegen, 
Nijmegen, the Netherlands 
2  Department of Biotechnology, Delft University of Technology, Delft, the 
Netherlands 
3 Soehngen Institute of Anaerobic Microbiology, Nijmegen, the Netherlands
Appl Microbiol Biotechnol (2017) 101: 7075. 
doi.org/10.1007/s00253-017-8416-0
Keywords: ‘Candidatus Methanoperedens nitroreducens’, 
anaerobic oxidation of methane, NC10 phylum bacteria
photo credit: Richard Roelofsen
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 65
Chapter 3. 
Enrichment of anaerobic 
nitrate-dependent 
methanotrophic 
‘Candidatus 
Methanoperedens 
nitroreducens’ archaea 
from an Italian paddy 
field soil
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 66
66
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 67
Enrichment of N-AOM microorganisms from rice paddy fields
67
3
Author contributions
- Provided bioreactor support and maintenance assistance. 
- Performed physiological experiments in reactor and batch.
- Performed fluorescent microscopy.
-  Assisted in the writing stages of the manuscript and rebuttal during submission with AV.
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 68
68
Abstract
Paddy fields are a significant source of methane and contribute up to 20% of total methane 
emissions from wetland ecosystems. These inundated, anoxic soils featuring abundant nitrogen 
compounds and methane are an ideal niche for nitrate-dependent anaerobic methanotrophs. 
After 2 years of enrichment with a continuous supply of methane and nitrate as the sole 
electron donor and acceptor, a stable enrichment dominated by ‘Candidatus Methanoperedens 
nitroreducens’ archaea and ‘Candidatus Methylomirabilis oxyfera’ NC10 phylum bacteria was 
achieved. In this community, the methanotrophic archaea supplied the NC10 phylum bacteria 
with the necessary nitrite through nitrate reduction coupled to methane oxidation. The results 
of qPCR quantification of 16S rRNA gene copies, analysis of metagenomic 16S rRNA reads, 
and fluorescence in situ hybridization (FISH) correlated well and showed that, after two years, 
‘Candidatus Methanoperedens nitroreducens’ had the highest (2.2±0.4*108) 16S rRNA copies 
per mL and constituted approximately 22% of the total microbial community.
 Phylogenetic analysis showed that the 16S rRNA genes of the dominant microorganisms 
clustered with previously described ‘Candidatus Methanoperedens nitroreducens’ (96% 
identity) and ‘Candidatus Methylomirabilis oxyfera’ (99% identity) strains. The pooled 
metagenomic sequences resulted in a high-quality draft genome assembly of ‘Candidatus 
Methanoperedens nitroreducens Vercelli’ that contained all key functional genes for the 
reverse methanogenesis pathway and nitrate reduction. The diagnostic mcrA gene was 96% 
similar to ‘Candidatus Methanoperedens nitroreducens’ (WP_048089615.1) at the protein 
level. The ‘Candidatus Methylomirabilis oxyfera’ draft genome contained the marker genes 
pmoCAB, mdh, and nirS and putative NO dismutase genes. Whole-reactor anaerobic activity 
measurements with methane and nitrate revealed an average methane oxidation rate of 
0.012 mmol h-1 L-1, with cell-specific methane oxidation rates up to 0.57 fmol cell-1 day-1 for 
‘Candidatus Methanoperedens nitroreducens’. In summary, this study describes the first 
enrichment and draft genome of methanotrophic archaea from paddy field soil, where these 
organisms can contribute significantly to the mitigation of methane emissions. 
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Introduction
The methane concentration in the atmosphere has increased continuously over the last 150 
years. Methane is the second most abundant greenhouse gas and exhibits radiative forcing up 
to 34 times higher than that of CO2 (Myhre et al. 2013). Paddy fields are a significant source of 
methane and contribute 10-20% to global methane emissions (Conrad 2009). The cultivated area 
dedicated to rice agriculture occupies approximately 160 million hectares of land worldwide 
and is predicted to increase by 60% in the coming decades. Without changes in cultivation 
practices, such increases will result in even higher atmospheric methane emissions. 
The global biogenic methane budget is directly linked to the activity of methanogenic and 
methanotrophic microorganisms in the environment. Methanotrophic organisms function 
as a biofilter, and without their contribution, it is estimated that the atmospheric methane 
concentration would be 10-60% higher (Conrad 2009). Whereas aerobic methanotrophs are 
well-studied, much less is known about methane removal in oxygen-limited nitrogen-loaded 
freshwater environments. NC10 phylum (‘Candidatus Methylomirabilis oxyfera’ and ‘Candidatus 
Methylomirabilis lanthanidiphila’) bacteria and ‘Candidatus Methanoperedens nitroreducens’ 
archaea are the only methanotrophic microorganisms known to directly couple the anaerobic 
oxidation of methane to the nitrogen cycle. NC10 phylum bacteria use nitrite as an electron 
acceptor, and ‘Candidatus Methanoperedens nitroreducens’ archaea perform nitrate reduction 
with methane as an electron donor according to the following reactions: 
8NO2
- + 3CH4 + 8H
+ → 4N2 + 3CO2 + 10H2O (A, �G
0’=-987 kJ/mol CH4)
2x (4NO3
- + CH4 → 4NO2
- + CO2 + 2H2O) (B, �G
0’=-503 kJ/mol)
8HNO3 + 5CH4 → 5CO2 + 4N2 + 14H2O (sum)
In 2006, an enrichment culture in which nitrate and nitrite reduction were coupled to the 
anaerobic oxidation of methane was described for the first time (Raghoebarsing et al. 2006). 
In that study, an inoculum from the sediment of a freshwater canal was used to start an 
anaerobic enrichment. After 16 months, the culture was dominated by a consortium consisting 
of archaea (10-15% of cells) belonging to the Methanosarcinales family that were only distantly 
related to ANME-2d (86-87% in 16S rRNA identity) and a bacterium (approximately 80% of 
cells) of the candidate division NC10. The enriched co-culture preferred nitrite over nitrate 
as the substrate, although activity was observed with both substrates (Raghoebarsing et al. 
2006). The nitrite-dependent AOM was later assigned to phylum NC10 bacteria, which are 
able to carry out this process in the absence of other microorganisms (Ettwig et al. 2008). 
The bacterium uses an intra-aerobic mechanism in which oxygen is produced via a putative 
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nitric oxide dismutase and subsequently used for methane oxidation via the particulate 
methane monooxygenase complex. Assembly of the genome of the NC10 bacterium revealed 
a complete methane oxidation pathway that included the pmoCAB operon and an incomplete 
denitrification pathway. It was hypothesized that the dismutation of nitric oxide to oxygen and 
nitrogen supplies O2 for the methane monooxygenase. These NC10 phylum bacteria were 
named ‘Candidatus Methylomirabilis oxyfera’ (Ettwig et al. 2010). Sequencing of the genome 
of the AOM archaea and identification of their nitrate reductase indicated that these archaea 
could couple nitrate reduction to AOM (Haroon et al., 2013; Arshad et al., 2015). The responsible 
archaea were named ‘Candidatus Methanoperedens nitroreducens’. Recent microbial ecology 
studies have indicated sufficient presence and activity of methanotrophic archaea in paddy 
field soils (Lee et al. 2015; Vaksmaa et al. 2016). We started a sequencing batch bioreactor 
continuously fed with nitrate and methane and inoculated with soil from an Italian paddy field 
soil harboring substantial AOM archaeal cell numbers (Vaksmaa et al. 2016). After establishing 
nitrate-dependent methane oxidation, the total DNA of this biomass was sequenced using Ion 
Torrent technology, and the draft genome was annotated and analyzed. The enriched microbial 
community was further characterized by microscopy, 13CH4 and 
15N activity assays and qPCR.  
Materials and Methods
Source of inoculum
The soil was sampled in September 2013 from paddy fields at the Italian Rice Research Unit 
in Vercelli, Italy (08°22’25.89’’E; 45°19’26.98’’N). These fields of silt loam soil were flooded 
with approximately 15 cm of water and regularly tilled. The soil of the experimental field was 
fertilized with 147.5 kg ha-1 nitrogen and 183 kg ha-1 potassium 21 days after flooding. Soil was 
collected 95 days after flooding. The rice variety cultivated in the field plots was Oryza sativa 
japonica Onice. The soil was sampled down to 20 cm and transported to the laboratory in a 
container flooded with water sampled from the field. After storage at 4˚C for 6 months, the 
reactor was started with 200 g of soil (wet weight).
Enrichment culture
A 2-L bioreactor (Applikon, the Netherlands) was operated at 27˚C as a sequencing batch 
reactor. The sequence consisted of 12-h cycles of 10 h of constant medium supply, 1 h of 
biomass settling and 1 h of pumping out of excess liquid. The medium contained CaCl2*2H2O 
(0.15 g/L) and KH2PO4 (0.01 g/L) and was autoclaved before the addition of MgSO4*7H2O (0.1 
g/L); 5 mL of a trace element stock solution composed of ZnSO4*7H2O (0.2875 g/L), CoCl2*6H2O 
(0.12 g/L), CuSO4 (0.8 g/L), NiCl2*6H2O (0.19 g/L), H3BO3 (0.014 g/L), MnCl2*4H2O (0.2 g/L), 
Na2WO4*2H2O (0.02 g/L), Na2MoO4*2H2O (0.0968 g/L), SeO2 (0.027 g/L) and CeCl2 (0.023 g/L); 3 
mL of an iron stock solution composed of FeSO4*7H2O (5 g/L) and NTA (10.31 g/L); and 1 mL 
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of vitamin solution (DSMZ 141). The medium was constantly sparged with Ar:CO2 (95:5%) to 
maintain anaerobic conditions prior to being supplied by peristaltic pump to the bioreactor at a 
flow rate of 18.75 mL/h. The NaNO3 concentration in the medium was increased from 1.25 mM 
to 5 mM after a year of operation due to an increased consumption rate. The bioreactor was 
operated at pH 7, maintained with automatic supply of KHCO3, stirred at 150 rpm and sparged 
with CH4-CO2 (95% vol/vol; purity 99.995%; flow rate 4.26 mL/min). 
Activity measurements
Activity measurements were performed in the whole reactor in batch mode after cut-off 
of the supply of medium and methane. The nitrate in the bioreactor was depleted, and the 
headspace was flushed with Ar-CO2 (95:5). Once residual methane was no longer detected by 
gas chromatography, 5 mM 15N-NaNO3 and 20% 
13C-CH4 (vol/vol) were added to the reactor and 
headspace, respectively. Gas samples of 100 mL were taken at various time points over 3-7 days; 
the production of 13C-CO2 was monitored by gas chromatography-mass spectrometry (GC-
MS) (Agilent 5975 inert MSD, Agilent, USA), and the consumption of CH4 was measured by GC 
(Hewlett Packard 5890, USA). Liquid culture samples of 1 mL (duplicate) were collected for the 
determination of nitrate (measured by a Sievers 280i NO analyzer, GE Analytical Instruments, 
USA) and nitrite and ammonium (measured by colorimetric assays as described by Kartal et 
al., 2006). Liquid samples were centrifuged for 1 min at 14000 RPM, and the supernatant was 
removed for storage at -20°C until analysis.
Further activity assays were performed in 60-mL serum bottles with 15 mL of biomass from 
the reactor. The reactor was stirred at 500 rpm for 5 min before sampling to ensure appropriate 
mixing of all settled biomass. After transfer of 15 mL of slurry, fresh medium (composition 
described above) and 15N-NaNO3 (final concentration in bottles, 5 mM) or 
15N-NaNO2 (final 
concentration in bottles, 1 mM) were added. The bottles were made anaerobic by 5 cycles of 
vacuum and purging with argon-CO2 (95%-5%). An overpressure of 0.5 bar was introduced 
to the bottles, and 10% 13C-CH4 was added. Measurements of 
13C-CO2 and CH4 in a 50 µL 
headspace sample were obtained by GC-MS and GC, respectively. Calibration was performed 
with standard gas consisting of QS/1.06%/0.82%/1.32%/459 ppm He/CO2/N2/O2/N2O (Air Liquide 
BV, the Netherlands). Analysis of nitrogen compounds was performed as described above for 
the whole reactor as batch.
DNA extraction
DNA was extracted from 10 mL of reactor biomass in duplicate using a PowerSoil DNA Isolation 
Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer’s protocol. 
DNA quantity and quality were assessed by UV-VIS spectroscopy (NanoDrop, ND-1000, Isogen 
Life Science, the Netherlands). 
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Quantification by qPCR
The abundances of ‘Candidatus Methanoperedens nitroreducens’, NC10 phylum bacteria, 
total bacteria and total archaea were quantified based on 16S rRNA gene amplification by 
qPCR. The qPCR reactions were performed in triplicate on all DNA extracts. ‘Candidatus 
Methanoperedens nitroreducens’ were targeted with the clade-specific primers 641F 
(5’ ACTGDTAGGCTTGGGACC3’) and 834R (5’ ATGCGGTCGCACCGCACCTG3’) (previously 
reported as FISH probes) (Schubert et al. 2011). NC10 phylum bacteria were amplified 
with the 16S rRNA primers p2F_DAMO (5’GGGGAACTGCCAGCGTCAAG3’) and p2R_
DAMO (5’CTCAGCGACTTCGAGTACAG3’) (Ettwig et al. 2009). The total number of archaea 
was quantified using the following primers: Arch-349F (5’GYGCASCAGKCGMGAAW3’) 
and Arch-807R (5’GGACTACVSGGGTATCTAAT3’). For bacteria, the primers Bac-341F 
(5’CCTACGGGNGGCWGCAG3’) and Bac-515R (5’TTACCGCGGCTGCTGGCAC3’) (Klindworth et 
al. 2013) were used. All qPCR reactions were performed using PerfCTa Quanta master mix 
(Quanta Biosciences, Gaithersburg, MD, USA) and 96-well optical plates on a Bio-Rad IQTM 
5 cycler (Bio-Rad, USA). Absolute quantification was performed by comparison to standard 
curves obtained using a 10-fold serial dilution of pGEM-T Easy plasmid DNA (Promega, USA) 
carrying an insert of the target gene obtained using the same primers used for qPCR. Standard 
curve samples were used as a control for each qPCR run. 
Fluorescence in situ hybridization
‘Candidatus Methanoperedens nitroreducens’ and NC10 phylum bacteria were detected using 
2 mL of reactor biomass sample. The sample was pelleted, washed twice with 1 mL of 1x PBS, 
and fixed with 2% paraformaldehyde at 4°C overnight. Fluorescence in situ hybridization (FISH) 
was performed as described by Ettwig et al. (Ettwig et al. 2008). 
Metagenome sequencing 
Ion Torrent sequencing was performed on DNA samples obtained from the bioreactor after 1 
year and 2 years of operation. DNA was isolated as described above. In total, 185 ng of isolated 
genomic DNA was sheared for 9 min using a Bioruptor® UCD-200 (Thermo Fisher Scientific 
Inc., USA). Libraries were prepared using an Ion Plus Fragment library kit (Thermo Fisher 
Scientific Inc., USA) according to the manufacturer’s instructions. For size selection of the 
adapter ligated fragments, an E-Gel® electrophoresis system was used with a 2% E-Gel® 
SizeSelect™ agarose gel (Life Technologies, Bleiswijk, The Netherlands). Eight cycles of 
amplification of the size-selected fragments were performed as suggested in the protocol. The 
concentrations and fragment lengths of the libraries were determined with a Bioanalyzer® 
2100 and High Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA, USA.) The library was 
diluted to a final concentration of 26 pM for emulsion PCR. Emulsion PCR was performed using 
an Ion OneTouch™ 2 Instrument and Ion PGMTM Template OT2 400 Kit (Thermo Fisher Scientific 
Inc., USA) according to the manufacturer’s instructions. The template-positive Ion SphereTM 
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Particles (ISPs) were enriched using the Ion One TouchTM ES (Thermo Fisher Scientific Inc., 
USA), loaded on an Ion 318TM v2 Chip, and sequenced using an Ion PGMTM Sequencing 400 Kit 
with 850 nucleotide flows according to the manufacturer’s instructions. After sequencing, all 
raw reads were imported into CLC Genomics Workbench v. 9 (QIAGEN Aarhus A/S, Denmark) 
for initial data analysis, including trimming of low-quality and short reads (cut-off value of 100 
nucleotides), followed by assembly of the reads obtained from both sequencing runs (word size 
30, bubble size 5000). The raw reads of metagenome sequencing after one and two years have 
been deposited to the European Nucleotide Archive, with study accession number PRJEB20370. 
To extract the contigs of ‘Candidatus Methanoperedens nitroreducens Vercelli’, the contigs 
were binned based on GC content and coverage using RStudio (RStudio Team. 2015) with the 
GC script. The contigs of ‘Candidatus Methanoperedens nitroreducens Vercelli’ were extracted 
from all assemblies and reads mapping to contigs were reassembled in CLC (word size 30, 
bubble size 5000). The completeness of the draft genome and contamination were assessed by 
CheckM (Parks et al. 2015). MaGe, online full annotation and integration automated pipeline 
(Vallenet et al. 2009; Vallenet et al. 2006;Vallenet, 2017) was used to annotate the genome of 
‘Candidatus Methanoperedens nitroreducens Vercelli’and this subsequently was vizualised in 
Artemis (Rutherford et al. 2000). The annotated genome of of ‘Candidatus Methanoperedens 
nitroreducens Vercelli´ has been deposited at Genbank under the accession ERS1800110. 
BLAST was used to search for key genes in ‘Candidatus Methylomirabilis oxyfera’. The contigs 
from ‘Candidatus Methylomirabilis oxyfera’ were extracted after differential mapping. The 
reads from each year were mapped to the assembly from the combined years (0.5 length 
fraction and 0.95 similarity), and both values for each read were plotted against one another 
in RStudio. The contigs containing the nod, pmo, nirS and 16S genes were manually curated 
to extend them over the ends of the genes. The annotated contigs were checked using the 
visualization and annotation tool Artemis. 
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Results
Enrichment procedure for AOM organisms in the bioreactor
The microbial cells in the inoculum and enrichment culture were quantified by qPCR based on 
the 16S rRNA gene. The abundance of ‘Candidatus Methanoperedens nitroreducens’ was one 
to two orders of magnitude higher than that of NC10 phylum bacteria in the inoculum slurry 
(Table 1). 
Table 1 | 16S rRNA gene copies of total archaea, ‘Candidatus Methanoperedens nitroreducens’, total 
bacteria and NC10 phylum bacteria in the enrichment at the start of the reactor and after 0.5 years, 1 year 
and 2 years of operation (mean ± SE; n = 6), calculated per 1 mL of reactor sample.
 T=0 0.5 years 1 year 1.5 years 2 years
Total Archaea 2.6 ±0.2*106 6.7 ±0.3*106 1.3 ±0.8*108 2.4 ±0.4*108 6.6 ±0.9*108
M. Nitroreducens 1.9 ±0.1*105 2.7 ±0.4*106 3.2 ±0.1*107 1.7±0.0*108 2.2 ±0.4*108
Total Bacteria 1.6 ±0.1*108 3.0 ±1.2*107 2.3 ±0.0*107 1.7±0.0*107 3.2 ±0.3*108
NC10 phylum bacteria 1.9 ±0.9*103 8.8 ±4.8*103 2.2 ±0.3*106 2.0±0.1*106 7.9 ±0.3*107
Figure 1 | qPCR quantification of the 16S rRNA gene copy numbers of ‘Candidatus Methanoperedens 
nitroreducens’ and NC10 phylum bacteria over the period of 2 years (all time points were analyzed using 
duplicate DNA extractions and triplicate qPCR reactions). The time in days is depicted horizontally, whereas 
the 16S rRNA copies per mL of enrichment are depicted vertically. 
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After two years of enrichment, ‘Candidatus Methanoperedens nitroreducens’ constituted 
approximately 22% of the total microbial community based on the qPCR results and was one 
order of magnitude more abundant than NC10 phylum bacteria. The growth of ‘Candidatus 
Methanoperedens nitroreducens’ started after 10 months of enrichment. The lag phase of 
NC10 phylum bacteria appeared to be longer, but after a year, their 16S rRNA gene copy 
numbers had already increased from 103 to 107 per mL (Figure 1).
Fluorescence in situ hybridization (FISH)
Biomass samples from the enrichment culture were analyzed with specific probes for 
‘Candidatus Methanoperedens nitroreducens’ and NC10 phylum bacteria after two years 
of enrichment. Both microorganisms were present in the reactor (Figure 2), although the 
proportion of the NC10 bacteria appeared to be higher than determined by qPCR. The biomass 
from the reactor contained a large amount of mineral particles and races of cellulose-like 
material, most likely originated from root remains from the paddy soil. 
Figure 2 | Fluorescent micrograph of a biomass sample from the enrichment culture. Blue corresponds 
to Cy5-EUBMIX, total bacteria, pink to NC10 phylum bacteria (Cy5-EUBMIX, DAMO193) and green to 
‘Candidatus Methanoperedens nitroreducens’ (FLUOS 641).
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Activity of the nitrate-dependent AOM co-culture 
The culture in the bioreactor oxidized CH4 to CO2 using nitrate as an electron acceptor. The 
oxidation rates increased over the time span of two years. The initial potential to oxidize 
methane at the expense of nitrate in the soil slurries was 16.8 nmol g-1 dry weight day-1 with 
2mM NaNO3 versus 3.7 nmol g
-1 day-1 in the controls, which were incubated without any 
external electron acceptor and 10% methane in the headspace (Vaksmaa et al. 2016). During 
the two years of bioreactor operation, neither nitrite (<80 mmol/L) nor ammonia were detected 
(below the detection level) in significant quantities. After two years, the nitrate consumption 
and methane consumption were 0.055 mmol h-1 L-1 and 0.012 mmol h-1 L-1, respectively (Figure 
3). Activity measurements with 13C-CH4 with 1 mM nitrite and 5 mM nitrate in serum bottles 
after two years of enrichment indicated that only the conversion of methane to CO2 (0.19 mmol 
h-1 L-1) occurred in bottles amended with nitrate. Surprisingly, the methane conversion rates 
in serum bottles amended with nitrite were similar to those in the control sample, where no 
activity was seen  (Supplementary Figure S1). 
Figure 3 | Nitrate consumption and 13C-CO2 production in batch assays of the total reactor. The time in 
hours is depicted horizontally, whereas the total amounts in mmol of nitrate (left axis) and 13C-CO2 (right 
axis) are depicted vertically. 
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Metagenomic analysis and classification based on the 16S rRNA gene
After 1 and 2 years of enrichment, DNA was extracted from the culture and sequenced with the 
Ion Torrent technology (Supplementary Table S1) to first analyze the 16S rRNA gene composition 
and second to assemble draft genomes. From the two metagenomes obtained after 1 and 2 years 
of enrichment, 1014 and 1423, 16S rRNA reads were extracted, respectively. The phylogenetic 
classifications for groups with an abundance of greater than 1.5% of the total number of 16S 
rRNA gene reads are shown in Figure 4. Of the 1014 16S rRNA reads from the first year, 19.1% 
were assigned to GOM Arc I (the group to which ‘Candidatus Methanoperedens’ is classified 
in the ARB SILVA database (Ludwig et al. 2004), followed by 8.5% assigned to Chloroflexi, 7% 
OC31, 6.9% Candidatus Methylomirabilis (classified as Nitrospirae in the ARB SILVA database), 
and 4.4% Phycisphaeraceae of Planctomycetes. Of the 1423 reads obtained after two years of 
enrichment, 22% were assigned as GOM Arc I, followed by 15% Candidatus Methylomirabilis, 
6.1% Rhodocyclaceae of Betaproteobacteria, 5.6% Comamonadaceae of Betaproteobacteria 
and 3.5% Anaerolineaceae of Chloroflexi. Draft genomes were binned based on GC content-
coverage (Supplementary Figure S2) and assembled and annotated in MaGe. 
Figure 4 | Phylogenetic classification based on 16S rRNA gene reads obtained from the metagenome after 
enrichment for 1 and 2 years.
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The ‘Candidatus Methanoperedens nitroreducens Vercelli’ draft genome contained 250 contigs, 
with a total size of 3.5 Mb. The completeness as assessed by CheckM was 97.7%. The genome 
contained all key enzymes for the reverse methane oxidation pathway and nitrate reductase 
(Supplementary Table S2). Phylogenetic analysis of the 16S rRNA gene from the assembled 
genome revealed that the ‘Candidatus Methanoperedens nitroreducens’ 16S rRNA gene had 
96% identity to ‘Candidatus Methanoperedens nitroreducens’ (JMIY01000002.1) (Haroon et al. 
2013) and 97% identity to ‘Candidatus Methanoperedens BLZ1’ (LKCM01000080.1) (Arshad et 
al. 2015) (Figure 5). 
Figure 5 | Phylogenetic tree illustrating the relationships between the assembled 16S rRNA contig of 
‘Candidatus Methanoperedens nitroreducens’ and closely related sequences. The phylogenetic tree was 
constructed in ARB using the neighbor-joining method. The tree was rooted to the ANME1 cluster. The 
scale bar represents a difference of 0.05 substitutions per site.
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The diagnostic methyl-coenzyme M reductase mcrA gene showed 96% identity at the protein 
level to (WP_048089615.1) and 89% identity to (KPQ44219.1) (Figure 6). The 16S rRNA gene of 
the NC10 phylum bacteria had 99% nucleotide identity to ‘Candidatus Methylomirabilis oxyfera’ 
(locus tag DAMO__16s_rRNA_1) (FP565575) and clustered within group A of the NC10 phylum 
(Figure 7). The ’Candidatus Methylomirabilis oxyfera’ draft genome contained the diagnostic 
pmoCAB, mxaF methanol dehydrogenase, nirS cd1 nitrite reductase, and putative NO 
dismutase genes. The analyzed pmoA gene had 95% identity at the protein level to ‘Candidatus 
Methylomirabilis oxyfera’ (CBE69519). We also identified the methanol dehydrogenase large 
subunit (mxaF), with 85% identity (CBE67248) at the protein level, two copies of the putative 
nitric oxide dismutase (nod) with 98% identity to CBE69502 and 92% identity to CBE69496. 
The identified nitrite reductase (nirS) had 93% identity to ‘Candidatus Methylomirabilis oxyfera’ 
(CBE69462).
JMIY01000002.1 ‘Candidatus Methanoperedens nitroreducens ANME2D’
JN185004, uncultured archaeon, soda lake sediment
HQ341615, uncultured archaeon, sediment from the Black sea
JQ618242, uncultured archaeon, rice rhizosphere soil
KF761018, uncultured archaeon, rice eld soil
LKCM01000102.1 ‘Candidatus Methanoperedens BLZ1’
EU495303, anaerobic enrichment culture from Twente channel
KX290030, uncultured archaeon, North Sea
KX290037, uncultured archaeon, State channel sediment
KX290028, uncultured archaeon, Jordan river sediment
JQ618200, uncultured archaeon, rice rhizosphere soil
KF758448, enrichment culture from sewage treatement plant sludge
KF760857, uncultured archaeon, rice eld soil
GU182109, uncultured archaeon, ridge ank basalt
FR871726, uncultured archaeon, saline groundwater from borehole
KX290026, uncultured archaeon, Citarum river sediment
KF60877, uncultured archaeon, rice eld soil
HM005038, uncultured archaeon, Napoli mud vulcano sediment 
GU989589, uncultured archaeon, Norwegian sea sediment
JX826414, uncultured archaeon, Guayamas basin hydrothermal vent sediment
FJ403682, uncultured archaeon, cold Seeps of Okhotsk Sea
AY883171, uncultured archaeon, Mediterranean Sea mud volcano
GU989565, uncultured archaeon, Norwegian sea sediment
EU496892, uncultured archaeon, Gulf of Mexico sediment
EU681937, uncultured archaeon, Pearl river estuary sediment
AM942097, uncultured archaeon, Marennes-Oleron Bay sediment
FJ640794, uncultured archaeon, Juan de Fuca Ridge hydrothermal vent sediment
Methanosarcina
McrA ‘Candidatus Methanoperedens nitroreducens Vercelli’ 
0.05
Figure 6 | Phylogenetic tree illustrating the relationships between the mcrA contig of ‘Candidatus 
Methanoperedens nitroreducens’ and closely related sequences. The phylogenetic tree was constructed 
in ARB using the neighbor-joining method. The tree was rooted to the Methanosarcina cluster, including 
Methanosarcina mazei. The scale bar represents a difference of 0.05 substitutions per site.
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Figure 7 | Phylogenetic tree illustrating the relationships between the 16S rRNA contig of Methylomirabilis 
bacteria from the metagenome and closely related sequences. Depicted is the clustering of the NC10 
clade into groups A-D. ‘Candidatus Methylomirabilis oxyfera’ and ‘Candidatus Methylomirabilis sinica’ of 
group A are marked in red. The scale bar represents a difference of 0.05 substitutions per site. The tree 
was constructed in ARB using the neighbor-joining algorithm with Jukes-Cantor correction. The tree was 
rooted to Acidobacteria.
Discussion
Nitrate- and nitrite-dependent anaerobic oxidation of methane, were discovered 12 years 
ago, but the characterization of the metabolism has been hindered by the slow growth of the 
responsible organisms. The Nitrate/nitrite-AOM microorganisms ‘Candidatus Methanoperedens 
nitroreducens’ archaea and NC10 phylum bacteria have been detected in various fresh water 
sediments (Welte et al., 2016). In this study, we started an enrichment culture fed solely with 
methane and nitrate using a paddy field soil harboring significant amounts of ‘Candidatus 
Methanoperedens nitroreducens’ (Vaksmaa et al. 2016) as the inoculum. Based on qPCR, FISH 
and metagenome analyses, the enrichment was dominated by ‘Candidatus Methanoperedens 
nitroreducens’ after two years of enrichment. 
Many previous enrichments were fed with nitrite or a mixture of nitrite and nitrate instead 
of nitrate only; such conditions are presumably advantageous to NC10 phylum bacteria. We 
intentionally omitted ammonium from the medium as other studies showed that such cultures 
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would yield a mixed culture of ‘Candidatus Methanoperedens nitroreducens’ and anammox 
bacteria, which could outcompete NC10 phylum bacteria for nitrite (Shi et al. 2013). Our previous 
field work demonstrated a high abundance of ‘Candidatus Methanoperedens nitroreducens’ in 
the paddy field soil (Vaksmaa et al. 2016), which was confirmed by qPCR of the inoculum slurry. 
The inoculum slurry contained approximately 1.9 ±0.1*105 copies per mL of the 16S rRNA 
gene of ‘Candidatus Methanoperedens nitroreducens’ and 1.9 ±0.3*103 copies per ml of NC10 
phylum bacteria. After 2 years of enrichment, these numbers had increased to 2.2±0.4*108 16S 
rRNA copies per mL of ‘Candidatus Methanoperedens nitroreducens’, corresponding to 22% of 
the total detected 16S rRNA copies (bacteria plus archaea). These numbers indicate a doubling 
time of 1 to 2 months. The abundance of 16S rRNA gene copies of NC10 phylum bacteria was 
7.9±0.3*107, corresponding to approximately 4% of the total copies. 
The qPCR copy numbers correlated well with the metagenome sequencing results for 
‘Candidatus Methanoperedens nitroreducens’, with an abundance of 16S rRNA reads of 22% 
after 2 years. The percentage of reads assigned to NC10 phylum bacteria was 15%, possibly 
indicating underestimation by qPCR. The results based on the two methods presented 
here provided insight into the growth dynamics of both methane oxidizers. The growth of 
‘Candidatus Methanoperedens nitroreducens’ was observed after approximately 10 months of 
acclimatization, whereas for NC10 phylum bacteria, more than a year was necessary before a 
substantial increase in cell numbers was observed. The initial growth of NC10 phylum bacteria 
was presumably nitrite-limited. Similar lag phases of the growth of NC10 phylum bacteria 
in enrichment cultures have been reported previously. Zhu et al. showed that ‘Candidatus 
Methanoperedens nitroreducens’ only started to increase in an enrichment obtained from 
minerotrophic peatland after 9 months, when significant methane oxidation rates (9 nmol day-1 
g-1 in serum bottles, based on CO2 production) indicated microbial growth (Zhu et al. 2012). In 
addition to substrate preference and availability, temperature has been implicated as a decisive 
factor in the outcome of AOM enrichments. In enrichments started from wastewater treatment 
plant sludge and lake sediments, a co-enrichment of NC10 phylum bacteria and ‘Candidatus 
Methanoperedens nitroreducens’ was obtained at 35°C, whereas at 22°C, only NC10 phylum 
bacteria were enriched (Hu et al. 2009). 
In our enrichment culture, the methane oxidation potential increased in accordance with the 
16S rRNA copy number. The batch incubations performed with the whole bioreactor revealed 
average methane oxidation and nitrate reduction after two years of 0.055 mmol h-1 L-1 and 
0.012 mmol h-1 L-1, respectively. Based on 13C-CO2 production, the cell-specific methane 
oxidation rates after two years were 0.57 fmol cell-1 day-1 for ‘Candidatus Methanoperedens 
nitroreducens’. This is in the same range as a previously reported nitrate-dependent AOM rates 
we measured in paddy field soil in which the estimated cell-specific rates were 1.2 fmol cell-
1 day-1 of CH4 (Vaksmaa et al. 2016) as well as NC10 phylum bacteria enrichment in which 
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the cell-specific rates were about 0.2 fmol  cell-1 day-1 of CH4 (Ettwig et al. 2009) and is also 
comparable to rates reported for sulfate-dependent AOM by ANMEs (0.7 fmol CH4 cell
-1 day-1) 
(Nauhaus et al. 2005). Unfortunately, we did not observe nitrite-dependent methane oxidation 
in the batch incubation, suggesting that either 1 mM nitrite was greater than the inhibitory 
concentration for the organisms regardless of their capacity to metabolize nitrite or the reactor 
requires a longer adaptation time to overcome nitrite limitation in batch assays. Based on 
the stoichiometry of the reactions for nitrate- and nitrite-dependent anaerobic oxidation of 
methane, AOM organisms accounted for approximately 46% of nitrate consumption, whereas 
presumably other nitrate reducers in the reactor, such as denitrifiers, were responsible for the 
remaining 54% of nitrate loss. 
Metagenome analysis revealed that only a few phyla other than ‘Candidatus Methanoperedens 
nitroreducens’ and NC10 phylum bacteria were represented in greater than 5% abundance. 
Anaerolineales (8.5% abundance) belonging to Chloroflexi are obligate anaerobes that have 
previously been observed in anaerobic methanotrophic (Ettwig et al. 2009; Siniscalchi et al. 
2015) and methanogenic enrichment cultures (Gray et al. 2011; Liang et al. 2015; Yamada et 
al. 2005). Anaerolineales may be responsible for the degradation of n-alkanes and release 
formate, acetate, hydrogen, and carbon dioxide. Hug et al. indicated that Anaerolineales 
may provide organic acids to other microorganisms such as acetoclastic methanogens 
(DeSantis et al. 2006). The physiology of Candidate division OC31 (7% abundance), which was 
discovered more recently, remains unknown. Phycisphaerae, a class of Planctomycetes (4.4% 
abundance), has also been shown to degrade heteropolysaccharides (Wang et al. 2015) and 
was previously found to be highly abundant in AOM and other anaerobic enrichment cultures. 
After two years of enrichment, Rhodocyclaceae accounted for 6.1% and Comamonadaceae for 
5.6%. Both of these belong to Betaproteobacteria. Members of Comamonadaceae can perform 
denitrification, which may explain the observed nitrate reduction rate, which was higher than 
expected based on the methane oxidation rate alone.
The 3.5-Mb size of the draft genome of ‘Candidatus Methanoperedens nitroreducens Vercelli’ 
is comparable to those of the publicly available genomes of ‘Candidatus Methanoperedens 
BLZ1’ (3.7 Mb) and ‘Candidatus Methanoperedens nitroreducens ANME2D’ (3.2 Mb). The GC 
content of the ‘Candidatus Methanoperedens nitroreducens Vercelli’ genome is 44.1% and is 
more similar to that of ‘Candidatus Methanoperedens nitroreducens ANME2D’ (GC content 
43.2%) than ‘Candidatus Methanoperedens BLZ1’ (40.8%). Functional gene analysis revealed 
that the mcrA gene has 96% identity to ‘Candidatus Methanoperedens nitroreducens ANME2D’ 
and 89% identity to ’Candidatus Methanoperedens BLZ1’ at the protein level. A similar trend 
was observed for the majority of enzymes in the reverse methanogenesis pathway. Analysis of 
the denitrification pathway revealed the presence of nitrate reductases as well as nitric and 
nitrous oxide reductases in the draft genome, whereas no nitrite reductase could be identified. 
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In summary, this is the first enrichment culture from paddy field soil supplied solely with 
nitrate and methane to enrich ‘Candidatus Methanoperedens nitroreducens’ and NC10 
phylum bacteria. The newly enriched co-culture will be used in future studies to unravel the 
eco-physiological properties of AOM microbes and investigate their role in mitigating methane 
emissions from paddy fields. Chapter 5 describes the metabolic response to oxygen exposure 
in an upgraded version of this enrichment. 
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Supplementary Figure 1 | Formation of 13C-CO2 in serum batch activity assays with 1 mM nitrite and 
10% 13C-CH4; 5 mM nitrate and 10% 
13C-CH4; 10% 
13C-CH4 only; and without additions. Each treatment 
was performed in triplicate, and the average is presented in the graph. The time in hours is depicted 
horizontally, whereas the fraction of 13C-CO2 is depicted vertically. 
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Supplementary Table 1 | Summary of metagenomic sequencing after 1 and 2 years of enrichment.
Characteristic Metagenome of 1 year Metagenome of 2years
Number of raw reads generated 2721934 4044363
Average read length 261.8 190.6
Number of reads after trimming 100bp 2378934 2918314
Average read length after trim 286.7 231.5
Nr of reads mapped to Silva 123 truncated 1033 1425
% of reads assigned as 16S rRNA gene 0.04 0.05
Nr of reads aligned by SINA (70% cutoff) 1016 1423
Nr of reads classified by SILVA NGS 1014 1423
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Supplementary Figure 2 | Bin plot of the distribution of contigs in the pooled metagenomic reads 
at 1 and 2 years. The contigs marked in red were binned for the genome assembly of ‘Candidatus 
Methanoperedens nitroreducens Vercelli’.
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2016, for which bioreactor bleed and troubleshooting, assistance with reactor operation and 
input on microbial ecology were also provided.
-   Long term monitoring of nitrite consumption.
-   Implementation of a bleed in the bioreactor system and long term monitoring of biomass 
content in the bioreactor and bleed.
-   Conducted all phyisiological experiments and estimations of biomass growth.
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-   Fluoresenct microscopy.
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Introduction
Microbial methane oxidation was for a long time thought to be carried out by bacteria exclusively 
under oxic conditions (Söhngen, 1906; Hanson and Hanson, 1996; Pol et al., 2007; Op den Camp 
et al., 2009). However, in 2000, sulfate-dependent anaerobic oxidation of methane (AOM), was 
demonstrated as a biological process. It was suggested that this process was mediated by a 
consortium of sulfate-reducing bacteria (SBR) and anaerobic methanotrophic archaea (ANME) 
(Boetius et al., 2000). This was followed by the discovery of nitrate/nitrite-dependent anaerobic 
oxidation of methane (nitrate-, nitrite-AOM) (Raghoebarsing et al., 2006). Several studies in 
the last decade established that nitrite-AOM is performed by bacteria belonging to the NC10 
phylum, represented by the cultured species ‘Candidatus Methylomirabilis oxyfera’ and 
‘Candidatus Methylomirabilis lanthanidiphilum’ (Ettwig et al., 2010; Versantvoort & Guerrero 
et al., 2018). Even though these microorganisms have an anaerobic metabolism, they oxidize 
methane via an intra-aerobic pathway (Ettwig et al., 2010). In contrast, nitrate-AOM is catalyzed 
by archaea from the ANME-2d clade such as ‘Candidatus Methanoperedens nitroreducens’ 
(Haroon et al., 2013; Ettwig et al., 2016; Arshad et al., 2015). Nitrate- and nitrite-AOM are 
closely linked not only because both processes use methane, but also the bacterial substrate 
nitrite, is an intermediate of the nitrate-reducing archaea. (Ettwig et al., 2016, Vaskmaa et al., 
2017; Arshad et al., 2017; Gambelli et al., 2018).
Since nitrite-AOM was first discovered, and the important role of NC10 bacteria in anaerobic 
oxidation of methane became apparent, 16 rRNA gene sequences that belong to the NC10 
phylum have been reported from diverse environments such as coastal aquifers (Lopez-
Archilla et al., 2007), anaerobic sludge from wastewater treatment (Hu et al. 2009), sediments 
from freshwater lakes (Deutzmann and Schink, 2011), wastewater treatment plant sludge 
(Luesken et al., 2011a), peat soil from minerotrophic peatlands (Zhu et al., 2012), saline aquatic 
environments  (Yang et al. 2012; Chen et al., 2014), paddy field soils (Hatamoto et al., 2014; Lee 
et al., 2015; and Vaksmaa et al., 2016), marine oxygen minimum zones (Padilla et al., 2016), 
coastal sediments (Shen et al., 2016), agricultural soils (Shen et al., 2016b) rumen fluid samples 
(Liu et al., 2017), and deep stratified lakes (Graf et al., 2018). The wide spread distribution of 
Methylomirabilis-like bacteria could be an indication that they contribute significantly to the 
regulation of methane fluxes, more than previously thought. Archaea performing nitrate-AOM 
are usually detected in similar environments where NC10 bacteria thrive, such as paddy fields, 
agricultural sediments and wastewater treatment plants. Furthermore, sequences related to 
ANME-2d clade have been reported in marine sediments (Mills et al., 2003, 2005) and methane 
seeps (Lloyd et al., 2006), however their environmental distribution and relevance is less known 
than the Methylomirabilis-like bacteria and fewer studies are specifically focused on their 
environmental distribution and metabolism (Ettwig et al., 2016, Vaksmaa et al., 2016, Guerrero 
et al., 2018).
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There have been many attempts to enrich bacteria performing nitrite-AOM to further study 
their physiology under controlled conditions.  So far, all published enrichment studies were 
obtained from limited types of inocula, and the overall enrichment conditions did not differ 
significantly (Supplementary Tables 1 and 2). When nitrate and nitrite were supplied together to 
anoxic sediments collected from agricultural ditch canals, both nitrate- and nitrite-dependent 
methane oxidizing microorganisms were enriched (Raghoebarsing et al., 2006; Kampman et al., 
2012). Enrichments solely fed with nitrate, resulted in similar co-cultures where nitrate-AOM 
supports nitrite-AOM due to the production of the intermediate, nitrite (Vaksmaa et al., 2017, 
Gambelli et al., 2018). On the other hand, when ammonium, methane and nitrite were supplied 
as substrates, co-cultures of Methylomirabilis species and anaerobic ammonium-oxidizing 
(anammox) bacteria were achieved (Luesken et al., 2011b; Hu et al. 2009; Shi et al. 2013; Fu et 
al., 2017).  It was demonstrated that such a co-culture of Methylomirabilis-like and anammox 
bacteria could be used for the simultaneous removal of ammonia and methane, using nitrite 
as the common electron acceptor (Luesken et al., 2011c). The possibility to combine both 
processes in oxygen limited systems has stimulated research on the potential application of 
the nitrite-AOM process for the removal of dissolved methane in wastewater treatment (Wang 
et al., 2017, van Kessel et al., 2018, Kuypers et al., 2018). However, microbial kinetics data and 
feasibility studies that are necessary to apply these processes in wastewater treatment are 
still lacking. In order to design and implement efficient wastewater treatment systems, it is 
important to have a solid understanding of key microbial physiological aspects ranging from 
the affinities of Methylomirabilis species for methane and nitrite, their doubling time and yield, 
as well as substrate inhibition. Furthermore, it is necessary to study the microbial interactions 
(i. e. competition and cooperation) expected in such complex microbial communities. 
Here we report a combined strategy to selectively enrich a culture that solely contained nitrite-
dependent anaerobic methane-oxidizing bacteria as dominant organism, in the absence of 
archaea. To enhance the growth capabilities of the culture, we supplemented essential growth 
factors. We revised the mineral medium composition, and supplemented Cerium as a trace 
metal due to its relevance in methanotrophic metabolism (Pol et al., 2014). Our efforts resulted 
in a culture dominated by ‘Ca.’ Methylomirabilis lanthanidiphila (Versantvoort & Guerrero et 
al., 2018, Chapter 6 of this thesis). We determined the affinity of this enrichment culture for 
dissolved methane and nitrite. Furthermore, we used constant biomass removal to achieve a 
stable growth rate and were thus able to calculate values for apparent yield and doubling time. 
These results contribute to the necessary knowledge to understand the ecophysiology of the 
nitrite-AOM process and enable progress towards its sustainable application in wastewater 
treatment. 
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Materials and methods
Enrichment conditions
The enrichment used in this research was previously described and the medium composition 
was revised to circumvent limitations of growth factors (Versantvoort & Guerrero et al., 2018). 
From an established enrichment (Versantvoort & Guerrero et al., 2018), 4 L of biomass were 
taken to inoculate a new bioreactor system, which was made anoxic by flushing with a mixture 
of Argon and carbon dioxide (v:v, 95:5) for more than 72 h. This enrichment culture was operated 
as a continuous sequencing batch reactor in a similar fashion as the seeding bioreactor 
(Applicon Biotechnology BV. Applisens, Schiedam, the Netherlands, nominal volume 6 L). The 
system was monitored with an oxygen and a pH probe (Applikon Instruments BV. Schiedam, 
the Netherlands). The pH was maintained pH at 7.5. The new enrichment culture was supplied 
with a mixture of methane and carbon dioxide (95:5 volume ratio), where methane was the sole 
electron donor. The medium was constantly flushed with a gas mixture of argon and carbon 
dioxide (95:5 volume ratio). The culture was maintained at 30 °C. The volume was kept at 4 L 
through a level-sensor-controlled pump, the operation occurred in sequential feed and rest 
cycles and stirred at a constant speed of 200 RPM during feed periods. The hydraulic retention 
time was 4 days.
Biomass was removed at the start of a daily SBR cycle at a rate of 250 mL d-1 ( SRT = 16 days) for 
a period of 2 years. The bleed was stopped in periods of reactor instability such as: hardware 
malfunction, temporary nitrite accumulation due to a decrease in nitrite consumption. 
Medium
The composition and concentrations of the mineral medium were adapted from the original 
medium described previously (Ettwig et al., 2009). The importance of lanthanides for 
methanotrophic bacteria described by Pol et al., 2014; prompted us to include Ce. The mineral 
medium contained per liter: 288 mg MgSO4, 192 mg CaCl2, 100 mg KH2PO4, 1.5 mg FeSO4.7H2O, 
125 µg ZnSO4·7H2O, 60 µg CoCl2·6H2O, 750 µg CuSO4, 95 µg NiCl2·6H2O, 7 µg H3BO3, 100 µg 
MnCl2·4H2O, 25 µg Na2WO4·2H2O, 50 µg Na2MoO4·2H2O, 25 µg SeO2, 75 µg CeCl2. The nitrite 
concentration in the medium was adjusted according to the consumption rate and varied from 
1 to 40 mM. Nitrite concentration in the reactor was mostly below detection limit (40 µM), 
seldom increasing up to approximately 250 µM. Daily nitrite concentration was determined by 
colorimetric strip measurements (Merck). 
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Phylogenetic analysis
The sequences used for the phylogeny of the seeding bioreactor were obtained from 
metagenome sequencing and the analysis is described in Chapter 6 of this thesis (Versantvoort 
& Guerrero et al., 2018), sequences from this enrichment were obtained as previously described 
(Gambelli et al., 2018, Chapter 2 of this thesis). Both sets were used to analyse the phylogenetic 
composition of the microbial community, by comparing the total 16S rRNA sequences against 
the release 132 of the Silva reference database (http://www.arb-silva.de). The composition 
of the microbial community is described based on this analysis at different taxonomic levels 
(Yilmaz et al. 2014). 
Trace element analysis
Concentrations of trace elements were determined by inductive coupled plasma-mass 
spectrometry (ICP-MS) with a quadrupole X series I spectrometer from Thermo Fisher 
Scientific, in a matrix of 1% HNO3. All standards were certified solutions: 109498 (multi element 
standard Merck), 111355 (certiPUR 23 element standard Merck), Tungsten single element 
standard (BDH® ARISTAR®), 119796 (Selenium standard solution Merck), 70227 (Molybdenum 
standard solution Merck) and 70311 (Cerium standard solution Merck). 
Dissolved methane measurements
Methane consumption was determined through membrane inlet mass spectrometry (MIMS), 
in a custom-made glass cylinder cell (V=32 mL). The biomass sample was collected from the 
seeding bioreactor culture (Versantvoort & Guerrero et al., 2018), with Argon/Carbon dioxide 
(v:v, 95:5) sparging and the cell was kept anaerobic through sparging with Argon prior the 
experiment. Methane was supplied with sequential injections (100 µL) of methane saturated 
demineralized water at 1 bar of overpressure (approximate methane concentration of 2.6 
mM). The parent culture and the culture described in this chapter had comparable microbial 
community composition (Supplement figure 1).
Determination of kinetic parameters
The results from the MIMS in the form of counts per second were converted to concentration in 
the cell during the measurement events. The raw data was subsampled in intervals of 10 seconds 
and the kinetic determinations were expressed per minute. To determine the approximate 
values for Vmax and the apparent methane affinity constant (Kmethane app), linearization through 
Lineweaver Burk was performed to a set of 4 replicates of methane consumption curves. The 
numerical values obtained for all curves were averaged, and from the mathematical model, the 
kinetic parameters were determined.
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The data was converted from counts per second to concentration, by considering an average 
of 300000 counts per second as a zero baseline, based on 3 hours of constant equilibration 
to determine the baseline from the system. An average of 390000 counts per second, was 
consistently the signal intensity corresponding to the starting point of repetitive injections of 
100 µL of miliQ water saturated with methane at 1 bar of overpressure, which corresponded 
to 8.5 µM methane at every injection. The reproducibility was experimentally observed with 
repetitive injections of increasing volumes, resulting in consistent increase in counts per 
second. 
Protein determinations
The protein samples for the long-term determinations to assess growth from the enrichment 
described herein, and the individual sample from the parent culture used during the MIMS 
methane determinations (Versantvoort & Guerrer et al., 2018) where processed in the same 
manner. A sample of 10 mL of biomass from the reactor described in this chapter was taken 
periodically after the SBR cycle two times per week when the reactor volume was at 4 L. Three 
independent samples were taken and homogenized using a glass homogenizer. Each sample 
was mixed with a 3 M NaOH solution (1:1) and incubated for 30 minutes at 90 degrees Celsius. 
After the incubation, the sample was brought to room temperature, and CuSO4 (4%, w:v) was 
added (2:1, sample:CuSO4). Samples were vortexed for 30 seconds and centrifuged (14000 
RPM, 5 min). The supernatant was measured at 540 nm in a spectrophotometer (SPECTRONIC 
200, Thermo Scientific, USA). BSA was used as standard and demineralized water was used 
as a blank. 
Fluorescence in situ hybridization
A sample of 1.5 ml of biomass was disrupted by passing through a series of needles (0.8, 0.6, 
0.4 mm). Once disrupted, the sample was washed twice with 1 ml saline phosphate-buffer 
(PBS: 130 mM NaCl and 10 mM phosphate buffer pH 7.4). After the washing steps, the sample 
as centrifuged (14000 RPM, 5 min) and the pellet was re-suspended in 0.3 mL of PBS and 900 
µl paraformaldehyde (4%), and was incubated overnight at 4°C for chemical fixation. FISH 
was performed as previously described (Ettwig et al., 2008) using 35% formamide. Images 
were obtained with a Zeiss Axioplan 2 epifluorescence microscope, together with the Axiovision 
software package (Zeiss, Germany).
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Results and discussion
General community analysis
To obtain an overview of the microbial community after 1 year of enrichment, 16S rRNA 
sequences were extracted from metagenomic sequencing data, and analyzed. The enrichment 
was dominated by bacteria belonging to the ‘Ca. Methylomirabilis’ genus but was different than 
the original ‘Ca. Methylomirabilis oxyfera’. Through metagenomic analyses, the metabolism 
of this organism was deduced and compared to ‘Ca. Methylomirabilis oxyfera’, resulting in 
the description of a new species tentatively named ‘Ca. Methylomirabilis lantanidiphila’ 
(Versantvoort & Guerrero et al., 2018; Chapter 6 of this thesis). The other community members 
belonged to Proteobacteria, Chloroflexi, Acidobacteria and Planctomycetes, the rest consisted 
of other bacterial minorities (Supplementary table 3). 
Enrichments that were supplied with nitrate, result in a co-enrichment of ‘Ca.’ Methanoperedens 
archaea and ‘Ca.’ Methylomirabilis bacteria (Vaksmaa et al., 2017, Chapter 3 of this thesis; 
Gambelli et al., 2018, Chapter 2 of this thesis). Therefore, we supplied our culture solely 
with nitrite and methane as substrates. The archaeal population observed at the start of 
the enrichment decreased (approximately 10%), and subsequently was below the detection 
limit of FISH microscopy (<1%). This is consistent with previous observations in enrichments 
supplemented only with nitrite as sole electron acceptor (Supplementary table 1, Figure 1) 
(Ettwig et al., 2008; Hu et al., 2011).
 
Figure 1 | Fluorescence in situ hybridization of the ‘Ca.’ Methylomirabilis enrichment. A) the culture at 
the start of the enrichment, B) after 9 months of enrichment and C) after 17 months of enrichment. In 
cyan, Methylomirabilis bacteria (simultaneous hybridization with Dbact193, fluos; Eubmix, CY5), in red ‘Ca.’ 
Methanoperedens-like archaea (Darch641, CY3), In blue general bacteria (Eubmix, CY5). Probes described 
by Ettwig et al., 2008. 
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Growth
The growth characteristics of nitrite-AOM bacteria have not been thoroughly described in 
literature. The most highly enriched bioreactor cultures originate from two main sources 
(Raghoebarsing et al., Hu et al., 2009). Most of the successful enrichments that were dominated 
by ‘Ca.’ Methylomirabilis-like bacteria had a relative abundance ranging from half to 3/4 of 
the total culture, these estimations have always been based on visual observations from 
fluorescence in situ hybridization.  (See supplementary table 1). 
Most enrichments reported in literature rely on similar media compositions, which is ultimately 
traced back to the original enrichment conditions described by Raghoebarsing et al., in 2006. 
Since then, the composition of the medium has not changed remarkably (supplementary table 
2). However, some observations were made regarding growth limiting factors such as copper, 
iron and cerium (Ettwig et al., 2008; Kampman et al., 2012; Pol et al., 2014; Hatamoto et al., 
2018). Cerium is the crucial cofactor of methanol dehydrogenases (MDH), in particular those 
encoded by xoxF genes, which is the enzyme that carries out the second step of methane 
oxidation (Pol et al., 2014; Wu et al., 2015; Versantvoort & Guerrero et al., 2018). 
Based on observations from available enrichmens, microbial growth rates of Methylomirabilis 
species have been estimated to be in the order of weeks, with values ranging from 2 up to 8 
weeks. These estimations have been done based on copy number increase of marker genes 
such as 16S rRNA or based on the nitrogen loading rate increase, under the assumption that 
a higher nitrite consumption is directly proportional to the number of cells present in the 
culture (Ettwig et al., 2009; Kampman et al., 2012). However, the relationship of activity and 
growth are not linearly and proportionally equivalent, since cultures where anammox accounts 
for a minority of the microbial population is responsible for a significant part of the nitrite 
consumption activity (Haroon et al., 2013). 
To assess the growth capabilities of the culture and to estimate the yield, biomass removal at a 
rate of 0.05 d-1 of the reactor content was implemented. Occasionally at higher removal rates, 
the culture showed nitrite accumulation and biomass removal was stopped immediately to 
counteract potential inhibition due to high nitrite concentrations (Figure 2). At already 0.5 mM, 
the culture experienced inhibition and above 1 mM nitrite, methane consumption stopped. The 
performance of the reactor and the protein content is seen in Figure 2.
Under the conditions described and under a consistent stable trend in the protein content 
of the reactor, we estimated from 2 individual batches of protein data versus the expected 
exponential decay a doubling time of 5 days, which corresponds to an apparent µmax of 0.14 
d-1.  Previous estimates reported an approximated doubling time of 14 days resulting in a µmax 
of 0.049 d-1 (Winkler et al., 2015). The higher growth rate was probably a result of the biomass 
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removal, which was implemented to induce faster growth. The culture maintained a high 
relative abundance of Methylomirabilis bacteria as dominant organism as indicated by the 16S 
rRNA analysis performed after one year of the enrichment (Supplementary Table 3, figure 1). 
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Figure 2 | Reactor performance and biomass growth based on protein. The first star marks the start of 
the enrichment with cerium in the trace elements, the second star marks the start of biomass removal 
in addition to the increase of cerium, the third star represents the FISH visual representation of the 
enrichment abundance. The 16S analysis of the microbial community took place between week 50 and 55 
(1 year of enrichment).
Our results were estimated in two independent periods with average protein contents of 154 ± 
56 ugprotein mL
-1 and 120 ± 45 ugprotein mL
-1, respectively; resulted in yields of 1.8 and 2.2 g protein 
mol-1 NO2
- which according to the stoichiometry reaction used by Winkler et al., corresponds to 
0.06 and 0.09 mole biomass mol-1 NO2
- (Table 1), according to equation 1. The yield is expressed 
in terms of nitrite, since the stoichiometry of nitrite:methane was close to the theoretical value, 
and to express it in the same terms as anammox, with nitrite as common substrate.
1 NO2- + 0.415 CH4 + 1 H
+  →  0.436 N2 + 1.27 H2O + 0.348 CO2 + 0.066 C1H1.8O0.5N0.2         (Eq. 1)
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Table 1 | Growth parameters of the Methylomirabilis enrichment culture.
mole NO2
- g protein mole biomass Y (molebiomassmoleNO2-   
-1)
1.44 2.2±0.8 0.089±0.3 0.062±0.2
0.85 1.8±0.6 0.073±0.3 0.086±0.3
This value was close to 0.055 to 0.066 mole biomass mol-1 NO2
-, which were estimated from 
theoretical considerations (Chen et al., 2014; Winkler et al., 2015). The yield and doubling times 
of nitrite-AMO bacteria are relevant parameters if a proposed application is indeed developed 
(Luesken et al., 2012). Yield of specific microorganisms is a parameter that determines the 
biomass capability to grow upon continuous inflow and washout conditions. As a comparison, 
anammox bacteria have a yield equivalent of that from aerobic ammonium oxidizers with a 
reported value of 0.07 Cmole mol NH4
+ (0.053 adjusted to nitrite to express this parameter in 
terms of nitrite as common substrate) (Strous et a., 1999b, Winkler et al., 2015). The yield 
of Methylomirabilis bacteria from modelling-based studies has been estimated from 0.055 
to 0.066 moles of biomass per each mole of nitrite consumed (Chen et al., 2014; Winkler et 
al., 2015). It would appear as if Methylomirabilis have the capacity to dominate in a complex 
microbial interaction, since according to our results more biomass of Methylomirabilis bacteria 
would grow compared to anammox per nitrite consumed. 
Yield is not the only parameter that is relevant, the competition for nitrite or methane which 
is dependent on affinity constants, and the oxygen inhibition play a role in the feasibility of to 
implement a bioreactor that implements nitrite-AOM in combination with other processes. 
Specifically for bacteria that perform nitrite-AOM, the methane affinity and their sensitivity to 
oxygen would be important factors in the competition of these microorganisms with aerobic 
methane oxidizers (MOB), which are typically present in similar natural and man-made (e.g. 
wastewater treatment plants) environments. 
Affinity for methane
We investigated the affinity of our enrichment culture for dissolved methane in batch incubations 
using membrane inlet mass spectrometry. The biomass used for these experiments was 
obtained from the seeding bioreactor (Versantvoort & Guerrero et al., 2018). Using 4 replicates 
for methane oxidation (Figure 3AB), the rates per 10 second intervals of dissolved methane 
consumption were plotted against the concentration, and an estimation of a Michaelis-Menten 
fit was obtained (Figure 3C). 
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 104
104
B
as
ed
 o
n 
th
e 
M
ic
ha
el
is
-M
en
te
n 
fit
, w
e 
ob
se
rv
ed
 a
 V
m
ax
 o
f 
  
~5
.5
 n
m
ol
 m
in
-1
 m
g 
pr
ot
-1
 r
es
ul
tin
g 
in
 a
 K
s a
pp
 o
f 
 ~
1.
5 
µM
. I
n 
or
de
r 
to
 h
av
e 
a 
m
at
he
m
at
ic
al
 a
pp
ro
xi
m
at
io
n 
to
 t
he
 a
pp
ar
en
t 
K
s 
fo
r 
m
et
ha
ne
, 
w
e 
ap
pl
ie
d 
th
e 
Li
ne
w
ea
ve
r-
B
ur
k 
m
od
el
 a
nd
 t
he
 f
ol
lo
w
in
g 
lin
ea
r 
fit
s 
w
er
e 
ob
ta
in
ed
 (F
ig
ur
e 
4)
.
0123456789
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
µM Methane
Se
co
nd
s
M
et
ha
ne
 c
on
su
m
pt
io
n
C
1
C
2
C
3
C
4
0123456789
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
µM Methane
Se
co
nd
s
∑
 M
et
ha
ne
 c
ur
ve
s
A
B
01234567
0
1
2
3
4
5
6
8
9
10
nmol L
-1
min
-1 
mg prot 
-1
µM
 M
et
ha
ne
∑
 fi
t c
ur
ve
s
C
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 105
Physiological aspects of Methylomirabilis enrichment cultures
105
4
Fi
gu
re
 3
 | 
A)
 M
et
ha
ne
 c
on
su
m
pt
io
n 
in
 4
 r
ep
lic
at
es
, d
at
a 
is
 n
or
m
al
iz
ed
 to
 a
n 
in
iti
al
 c
on
ce
nt
ra
tio
n 
of
 8
.5
 µ
M
 m
et
ha
ne
. B
) A
ve
ra
ge
 o
f t
he
 4
 c
ur
ve
s 
w
ith
 s
ta
nd
ar
d 
de
vi
at
io
n.
 C
) M
ic
ha
el
is
 m
en
te
n 
fit
.
y 
= 
0.
45
71
x 
+ 
0.
24
05
R
² =
 0
.9
69
2
0.
0
0.
5
1.
0
1.
5
2.
0
2.
5
3.
0
0
1
2
3
4
5
1/v
1/
s
y 
= 
0.
47
78
x 
+ 
0.
15
72
R
² =
 0
.9
89
9
0.
0
0.
5
1.
0
1.
5
2.
0
2.
5
0
1
2
3
4
5
1/v
1/
s
y 
= 
0.
35
61
x 
+ 
0.
15
25
R
² =
 0
.9
75
2
0.
0
0.
5
1.
0
0.
0
0.
5
1.
0
1.
5
2.
0
1/v
1/
s
y 
= 
0.
20
03
x 
+ 
0.
15
82
R
² =
 0
.9
85
2
0.
0
0.
5
1.
0
0
1
2
3
4
5
1/v
1/
s
C1
C2
C3
C4
∑
 C
ur
ve
s
V m
ax
4.
2
6.
4
6.
6
6.
3
5.
9±
1.
1
K
m
ap
p
1.
9
3.
0
2.
3
1.
3
2.
6±
0.
7
A
B
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 106
106
Figure 4 | A) Linear fits following Lineweaver-Burk. B) Summary of kinetic values.
Our estimations on an apparent methane affinity resulted in a Kmapp of 2.6 ± 0.7 µM. Previous 
estimations of methane affinity have been performed on experimental data from unpublished 
results, ranging from 0.6 to 3 µM (Raghoebarsing et al., 2006; Ettwig et al., 2008, Winkler 
et al., 2015). All these determinations were obtained from experiments relying on headspace 
measurements of methane consumption and aggregated biomass. Resulting in highly variable 
results that depend on headspace conditions for the efficient mass transfer of the gas into the 
liquid, leading to underestimations with values as high as 87 – 97 µM reported in literature (He 
et al., 2013). 
The affinity constant for methane of nitrite-AOM bacteria is comparable to aerobic methane 
oxidizers that range for 0.2-6 µM. Aerobic methane oxidizing belonging to the Verrucomicrobia 
phylum have a methane affinity of 6 µM (Pol et al., 2007), however it is still an order of magnitude 
higher than the half saturation constant (<200 nM) of high-methane-affinity methane oxidizers 
(Dunfield et al., 1999; Kravchenko et al., 2010). 
Despite the variability of affinity for methane reported in literature for nitrite-AOM bacteria, the 
ranges are in the micro molar concentrations and below, which correspond to high affinity for 
methane when compared to methanotrophic archaea. For archaea that perform the reverse 
methanogenesis pathway, affinity estimations ranging from 1.1 mM up to 37 mM for sulfate-
dependent AOM enrichment cultures have been reported in literature (Yamamoto et al., 1976; 
Nauhaus et al., 2002; Kruger et al., 2008; Zhang et al., 2010; Timmers et al., 2015). The kinetic 
capabilities of the reverse mcrA from nitrate-AOM archaea, are thought to be comparable to 
other mcrA enzymes from canonical methanogenic archaea and sulfate-AOM archaea based 
on structural similarities, and the debate whether the high abundance of mcrA protein product 
in the cells compensates for poor affinity remains to be elucidated (Kruger et al., 2003; Timmers 
et al., 2017). This compensation mechanisms could however, explain why nitrate-AOM archaea 
thrive in sediments where methane partial pressures can be higher than at ambient pressures.
The affinity for methane of Methylomirabilis-like bacteria seems to be higher archaeal 
counterparts for methane oxidation, both being anaerobes. This could be due to the fact that 
while Methylomirabilis-like bacteria use canonical particulate methane monooxygenases 
(pMMO), Methanoperedens-like archaea employ reverse methanogenesis pathway, and 
activate methane using methyl-coenzyme M reductase (MCR), the enzyme that is responsible 
for methane production in methanogenesis. Aerobic methane oxidizers have high affinity for 
methane making it thus a process that thrives in the environment where oxygen traces become 
available. 
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 107
Physiological aspects of Methylomirabilis enrichment cultures
107
4
Affinity for nitrite
From nitrite consumption curve during batch incubations in the whole reactor, we obtained 
an apparent affinity constant for nitrite of 7 µM (Figure 5). Previous estimations have yielded 
values that range between 5 – 15 µM, modelling estimations on kinetics parameters have 
reported a constant of 13 µM (Stultiens et al., unpublished data, Winkler et al., 2015). These 
results originate from experimental data obtained with biomass from the parent culture of the 
enrichment described in this work.
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Figure 5 | Michaelis Menten fit representation of the nitrite consumption data. 
Other kinetics values for nitrite-AOM bacteria have been reported, 0.82 – 1 mM for nitrite 
affinity and inhibition concentrations ranging from 3.6 – 4.6 mM have resulted from modelling 
work. However, these estimations fall far above the observed concentrations we have observed 
from experimental data and reactor operation. The affinity constant for nitrite and inhibitory 
concentrations are considerably higher than those reported by Winkler et al., based on 
experimental data from cultures described by Ettwig et al., with nitrite inhibition above 500 µM. 
Regarding the affinity for nitrite, a substrate that also the anammox bacteria use, nitrite-AMO 
bacteria seem to have a disadvantage since anammox bacteria have higher affinity for nitrite, 
which is estimated to be below 5 µM (Awata et al., 2013; Oshiki et al., 2011). This is in line with 
earlier studies, which report that under nitrite limitation anammox bacteria outcompete nitrite-
AOM bacteria. Taken together, they highlight that in application, ammonium limitation would 
be a very important control parameter to prevent the loss of nitrite-AOM bacteria from the 
system (Luesken et al., 2011b; Zhu et al. 2011; Arshad et al., 2017). In oxygen limited systems 
(such as partial nitritation-anammox), which seem to offer possibilities for the implementation 
of nitrite-dependent methane oxidation, the control of aeration and ammonium oxidation rates 
would be crucial to achieve an equilibrium where both nitrite-AOM and anammox processes can 
coexist with sufficient nitrite to achieve the simultaneous oxidation of methane and ammonium 
(Wang et al., 2017, van Kessel et al., 2018). Under optimal control conditions, real-time oxygen 
concentrations remain under the detection limit if partial nitritation would be efficient enough 
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to utilize oxygen for the partial nitritation of ammonia to nitrite; then nitrate- or nitrite-AOM 
would thrive (Stultiens et al., unpublished data). If aeration is not sufficiently controlled, 
inhibition of these microorganisms would be the main limitation for their application. Robust 
control systems to regulate aeration and accurate determination of oxygen levels are crucial to 
ensure that an equilibrium between the processes is constant (Abma et al., 2010). 
Methylomirabilis bacteria have a relative high affinity for methane, which explains the 
experimental observations where Methanoperedens-like archaea disappear from systems fed 
solely with nitrite (Ettwig et al., 2008, this chapter). Competition for nitrite with other relevant 
processes such as anammox, has been observed as unfavorable for Methylomirabilis bacteria 
if ammonia is present in sufficient amounts (Luesken et al., 2011b; Zhu et al. 2011 Arshad et 
al., 2017). 
Microbial interactions, in the context of wastewater treatment, have distinct factors which 
shape the ecological interactions of microbial processes into competition or cooperation. 
The determination of kinetic parameters such as affinity for key compounds is this crucial to 
understand such interactions. Our findings contribute to the understanding of how the nitrite-
AOM process could interact under complex microbial interactions. Filling the knowledge gaps 
regarding their ecophysiology only helps to better the understanding of their role in global 
cycling of methane and nitrogen, and certainly aids to the conceptual development and the 
possibilities for sustainable environmental applications. 
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Supplement Table 3 | Relative abundances at the 16S rRNA level from both enrichments used in the 
physiology experiments shown in this work.
Versantvoort, Guerrero et al., 2018 This enrichment
NC10, Methylomirabilis 67 57.9
Proteobacteria 11 9.4
Chloroflexi 8 13.2
Bacteroidetes 6 0
Acidobacteria 2 3.8
Planctomycetes 2 3.4
Other bacterial phyla 4 12.3
Other domains 0.4 0
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Abstract
‘Candidatus Methanoperedens nitroreducens’ is an archaeon that couples the anaerobic 
oxidation of methane to nitrate reduction. In natural and man-made ecosystems, this archaeon 
is often found at oxic-anoxic interfaces where nitrate, the product of aerobic nitrification, co-
occurs with methane produced by methanogens. As such, populations of ‘Ca. M. nitroreducens’ 
could be prone to regular oxygen exposure. Here, we investigated the effect of 5% (v/v) 
oxygen exposure on a ‘Ca. M. nitroreducens’ culture, enriched from an Italian paddy field, in 
batch activity assays. Metagenome sequencing of the DNA extracted from the enrichment 
culture revealed that 83% of 16S rRNA gene reads were assigned to a novel strain of ‘Ca. 
M. nitroreducens Verserenetto’. RNA was extracted and metatranscriptome sequencing upon 
oxygen exposure, revealed that the active community changed, most notably in the appearance 
of aerobic methanotrophs. The gene expression of ‘Ca. M. nitroreducens’ revealed that the 
key genes encoding enzymes of the methane oxidation and nitrate reduction pathways were 
down regulated. In contrast to this, we identified upregulation of glutaredoxin, thioredoxin 
family/like proteins, rubrerythrins, peroxiredoxins, peroxidase, alkyl hydroperoxidase, type A 
flavoproteins, FeS cluster assembly protein and cysteine desulfurases, indicating the genomic 
potential of ‘Ca. M. nitroreducens Verserenetto’ to counteract the oxidative damage and adapt 
in environments where they might be exposed to regular oxygen intrusion.
Importance
‘Candidatus Methanoperedens nitroreducens’ are anaerobic archaea which couple the 
reduction of nitrate to the oxidation of methane. This microorganism are present in a wide 
range of aquatic environments and manmade ecosystems such as paddy fields and wastewater 
treatments. In such environments they may experience regular oxygen exposure.
Yet, ‘Ca. M. nitroreducens’ are able to thrive under such conditions and could be applied for 
the simultaneous removal of dissolved methane and nitrogenous pollutants in oxygen-limited 
systems. To understand what machinery ‘Ca. M. nitroreducens’ possesses to counteract the 
oxidative stress and survive, we characterized the response to oxygen exposure using a multi-
omics approach.
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 119
Oxygen response of Methanoperedens enrichment cultures
119
5
Introduction
Nitrite- or nitrate-dependent anaerobic oxidation of methane (nitrite-AOM or nitrate-
AOM,  commonly referred to as N-AOM) is a microbial process performed by two groups of 
microorganisms. Anaerobic oxidation of methane coupled to nitrite reduction is catalyzed by 
‘Candidatus Methylomirabilis oxyfera’-like bacteria (members of the NC10 phylum bacteria) 
(Ettwig et al., 2008, Ettwig et al., 2010, Versantvoort, Guerrero et al., 2018), whereas AOM coupled 
to nitrate reduction is performed by ‘Candidatus Methanoperedens nitroreducens’, archaea 
from the ANME-2d clade (Haroon et al., 2013). In nature and man-made ecosystems, these 
organisms often co-occur in close proximity where ‘Ca. M. nitroreducens’ supplies nitrite as an 
intermediate, which is used by ‘Candidatus Methylomirabilis’ bacteria to perform nitrite-AOM 
(Vaksmaa et al., 2017, Gambelli et al., 2018). ‘Candidatus Methylomirabilis’ bacteria employ a 
unique intra-aerobic pathway with particulate methane monooxygenase (pMMO) and a putative 
nitric oxide dismutase (NOD) as the key enzymes (Ettwig et al., 2010), feature that is exclusive to 
the genus Methylomirabilis thus far (Versantvoort, Guerrero et al., 2018). ‘Ca. M. nitroreducens’ 
carries out the reverse methanogenesis and harbours the key enzyme Methyl Co-enzyme M 
reductase (MCR), which catalyzes either the last step of methane production in methanogens 
or the first step of methane oxidation in anaerobic methanotrophic archaea (Haroon et al., 
2013). Together, ‘Ca. M. nitroreducens’ and ‘Candidatus Methylomirabilis’ contribute to the 
mitigation of methane, nitrite and nitrate in diverse, mainly freshwater environments, ranging 
from peatlands (Zhu et al., 2012), freshwater lake sediments (Deutzmann & Schink, 2011), 
paddy field soils (Hatamoto et al., 2014, Lee et al., 2015, Vaksmaa et al., 2016) to wastewater 
treatment systems (Hu et al., 2009, Luesken et al., 2011). The availability of general and specific 
molecular methods to identify and detect ‘Ca. M. nitroreducens’ (Vaksmaa et al., 2017, Xu et al., 
2018), is increasing the environmental detection of these organisms. Due to the very long (6-18 
months) incubation times needed, only a limited number of successful ‘Ca. M. nitroreducens’ 
enrichment cultures have been reported since the original enrichment described in 2006 
(Raghoebarsing et al., 2006, Haroon et al., 2013, Vaksmaa et al., 2017, Gambelli et al., 2018, 
Li et al., 2018). Some studies used ammonium as nitrogen source to the medium to stimulate 
the activity of anammox bacteria for nitrite removal (Haroon et al., 2013). In the absence of 
ammonium, ‘Candidatus Methylomirabilis’ bacteria generally are co-enriched with ‘Ca. M. 
nitroreducens’ (Vaksmaa et al., 2017, Gambelli et al., 2018). All documented AOM enrichments 
have two strategies in common: supply of methane as electron donor and supply of substrate-
limited nitrate and/or nitrite as electron acceptor. The majority of studies reported 20-78% of 
enrichment of ‘Ca. M. nitroreducens’ in bioreactors, thus physiological studies independent 
from ‘Candidatus Methylomirabilis’  or anammox bacteria are so far not possible.
In nature, these AOM microorganisms thrive where methane, nitrate, nitrite and ammonium 
(as natural precursor for nitrite and nitrate) co-occur in the same environment. Methane and 
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ammonium are the predominant products of anaerobic decomposition of biomass. Nitrite and 
nitrate are formed by aerobic ammonia oxidation when oxygen is available in upper soil and 
sediment layers, or from partial nitrate reduction when a limited amount of (organic) electron 
donor is available for denitrification (Arshad et al., 2017). Directly after potential electron 
acceptors become depleted, methanogens commence to produce methane which usually 
occurs in the deeper anoxic soil layers. The produced methane diffuses into the upper sediment 
layers, however only a fraction reaches the atmosphere, since anaerobic and ultimately aerobic 
methanotrophs act as methane biofilter and convert methane to carbon dioxide (Dean et al., 
Conrad, 2007, in ‘t Zandt et al., 2018). 
In natural environments, aerobic methanotrophic bacteria (MOB) have been found in close 
proximity to N-AOM organisms since methane is a common substrate for both guilds. In 
ecosystems such as paddy fields, where oxic and anoxic compartments form a complex 
patchwork, both MOB and N-AOM have been found to be present in bulk soil as well as in the 
rhizosphere (Lee et al., 2015, Vaksmaa et al., 2016). A similar situation could be encountered 
in wastewater sludge aggregates with oxic outer layers, and inner anoxic zones (Hu et al., 
2013). In wastewater plants (WWTP), man-made aquatic ecosystems, pollutants are converted 
to less harmful compounds by microorganisms. Here, organic matter is either converted into 
carbon dioxide in an activated sludge process or to methane by methanogens in anaerobic 
digesters. The produced methane can then be used as biogas (Shen et al., 2015). In view of the 
current evidence on the importance of the N-AOM process in multiple natural environments 
(Welte et al., 2016), its potential application in existing wastewater treatment configurations 
has been recently discussed (Luesken et al., 2011, Kampman et al., 2012). The possibilities, 
opportunities and challenges of this implementation have been reviewed in depth (Wang et al., 
2017, van Kessel et al., 2018). 
Since N-AOM organisms thrive in close proximity to oxic zones, regular exposure to oxygen 
can be expected due to environmental fluctuations in both natural and man-made ecosystems 
(O’Brien et al., 2016). Thus, handling and/or detoxification of oxygen is one of the challenges for 
the application of these anaerobic microorganisms in WWTP.
The detrimental effects of trace and low oxygen concentrations on ‘Ca. M. oxyfera’ have been 
previously investigated (Luesken et al., 2012, Kampman et al., 2018). However, so far, no report 
is available for the effect of oxygen on ‘Ca. Methanoperedens’ species. Numerous studies have 
focused on the oxygen tolerance of methanogens (see below), which are phylogenetically the 
closest relatives to ‘Ca. M. nitroreducens’. 
Both ‘Ca. M. nitroreducens’ and methanogens are traditionally considered to be strict 
anaerobes due to the negative effect of oxygen on enzymes of the core methane metabolism, 
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specifically the MCR complex becomes inactivated upon exposure to oxygen (Diekert et al., 
1980, Cedervall et al., 2010). It has been observed that methane production is halted upon 
oxygen exposure in WWTP granular sludge and in anaerobic digesters (Celis-Garcia et al., 
2004, Pedizzi et al., 2016) and paddy field soil slurries (Fetzer et al., 1993, Yuan et al., 2009). 
The tolerance for oxygen of pure cultures of methanogens appears to be species dependent. 
The permafrost methanogen Methanosarcina SMA-21 remained active after 1-3 h of 
exposure to full oxic conditions, whereas after 24 h and 72 h the viability of cells declined 
by 85% and 90%, respectively (Morozova & Wagner, 2007). Another methanogen investigated, 
Methanobacterium MC-20 lost the viability after 24 h of oxygen exposure (Morozova & Wagner, 
2007). Methanococcus voltae and Methanococcus vannielii lost 99% of viability after 10 h of 
exposure to full oxic conditions (Kiener & Leisinger, 1983).
Although methanogens and anaerobic methanotrophs are regarded as strict anaerobes and 
exhibit high sensitivity to oxygen, there is emerging evidence that these organisms thrive 
at sub-oxic interfaces or even regularly aerated environments such as forest soils, termite 
guts, agricultural soils, savanna and desert soils (Peters & Conrad, 1995), meadows, wadi 
and natural fields (Angel et al., 2012), cold desert soils (Aschenbach et al., 2013), as well as 
paddy field soil and rhizosphere, which undergo phases of tilling and dry-wet cycles (Conrad 
& Klose, 2006, Vaksmaa et al., 2016). In oxygenated wetland soils, ‘Candidatus Methanothrix 
paradoxum’ has been demonstrated to be abundant, active and contributing significantly to 
methane production in oxic soils (Angle et al., 2017). Other methanogens start to produce 
methane again, once anoxic conditions have been re-established after oxygen exposure 
(Peters & Conrad, 1995, Angel et al., 2012). To survive the exposure to oxygen, anaerobes need 
to counteract the damage caused by oxygen and reactive oxygen species (ROS) by defense 
and repair mechanisms (Lyu & Lu, 2018). In detail, characterized systems to counteract 
oxidative stress include superoxide dismutase (SOD) and catalase (KAT) (Jenney et al., 1999, 
Imlay, 2002). In the methanogens Methanosarcina barkeri, Methanobrevibacter arboriphilus 
and Methanocellales, the catalase gene (KatE) has been identified and active transcription 
has been demonstrated for aerotolerant Methanosarcina and Methanocella (Erkel et al., 2006, 
Angel et al., 2011). SOD has been found in Methanosarcina barkeri (Brioukhanov et al., 2000), 
Methanocella paludicola (formerly called Rice Cluster I group) (Erkel et al., 2006) as well as in 
Methanobacterium thermoautotrophicum (Takao et al., 1991). Anaerobes are known to utilize 
NADPH–rubredoxin oxidoreductase, rubrerythrin, and superoxide reductase to counteract the 
ROS and these enzymatic reactions do not produce additional reactive oxygen species (Jenney 
et al., 1999). The ability of methanogens to counteract oxidative damage and tolerate oxic 
conditions, is most likely due to these defense mechanisms (Erkel et al., 2006), permitting 
them to thrive in the rhizosphere, despite of oxygen release from roots. 
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In the current study, we performed metagenome sequencing of N-AOM enrichment culture 
dominated by 83% of ‘Ca. M. nitroreducens’ and reported a high-quality draft genome of this 
new ‘Ca. M. nitroreducens Verserenetto’ strain. Furthermore, we investigated the change in the 
active microbial community upon oxygen exposure and characterized the metabolic response 
by activity assays as well as addressed the alterations in expression of genes encoding key 
metabolic and oxidative stress response enzymes of ‘Ca. M. nitroreducens’. So far, no other 
reports have documented the response of anaerobic ‘Ca. M. nitroreducens’ archaea to oxygen 
exposure.  
Materials and methods
Enrichment culture
A 5 Liter bioreactor (Applikon, Schiedam, The Netherlands) was started with biomass from 
an enrichment culture of ‘Ca. M. nitroreducens’ described previously by Vaksmaa et al., 2017 
and operated at room temperature as sequencing batch reactor for 8 months. The sequence 
consisted of 12 h cycles, with 10 h of constant medium supply, 1 h of settling of the biomass 
and 1 h of removal of excess liquid. The medium composition was: CaCl2*H2O (0.1 g/L) and 
KH2PO4 (0.05 g/L) and was autoclaved before the addition of MgSO4*7H2O (0.07 g/L); 5 mL 
of a trace element stock solution (in 10 L of medium) composed of ZnSO4*7H2O (1.438 g/L), 
CoCl2*6H2O (0.6g/L), CuSO4 (4 g/L), NiCl2*6H2O (0.95 g/L), H3BO3 (0.07 g/L), MnCl2*4H2O (1 g/L), 
Na2WO4*2H2O (0.1 g/L), Na2MoO4*2H2O (0.5 g/L), SeO2 (0.134 g/L) and CeCl2 (0.11 g/L); 3 mL of 
an iron stock solution composed of FeCl3*6H2O (32.4 g/L) and NTA (96 g/L); and 1 mL of vitamin 
solution (DSMZ 141). NaNO3 concentration in the medium was increased from 2.5 mM to 5 
mM after six months of operation due to the increased consumption rate. The medium was 
continuously sparged with Argon-CO2 (95% vol/vol). The bioreactor was operated at pH 7.25, 
stirred at 150 rpm and sparged with CH4-CO2 (95% vol/vol).
DNA extraction
DNA extraction was performed on 10 mL sample of reactor biomass at the start of batch 
incubations using the PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, 
USA) according to manufacturer’s protocol. A first step with rigorous bead beating of 3 min at 
30 beats/s was needed to disrupt the archaeal cells. DNA quantity and quality were assessed 
by UV-VIS spectroscopy (NanoDrop, ND-1000, Isogen Life Science, the Netherlands) and Qubit 
dsDNA High sensitivity Assay kit (Agilent Technologies, Santa Clara, USA).
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Metagenome sequencing and data analysis 
For library preparation, in total 1 ng DNA was used with the Nextera XT kit (Illumina, San 
Diego, California U.S.A.). Enzymatic fragmentation was performed followed by incorporation 
of the indexed adapters and amplification of the library. Purification of the amplified library 
was performed using Agencourt AMPure XP beads (Beckman Coulter Nederland B.V.) and 
quality and size distribution was checked using the Agilent 2100 Bioanalyzer and the High 
sensitivity DNA kit (Agilent Technologies, Santa Clara, USA). Fluorometric quantitation of the 
library was performed by Qubit using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific 
Inc. Waltham USA). For normalization of the library, the concentration measured by Qubit and 
the average fragment size obtained with the Agilent 2100 Bioanalyzer were used to calculate 
the correct dilution factor. After denaturing and dilution to 4 nM using the Denature and Dilute 
Libraries Guide (Illumina, San Diego, California U.S.A.), the library was sequenced using the 
Illumina Miseq machine (San Diego, California USA). Paired end sequencing was performed 
with 2 x 300 bp sequence chemistry using the MiSeq Reagent Kit v3 (San Diego, California USA) 
according the manufacturers protocol.
Obtained reads were quality trimmed using CLC genomic Workbench 11 (QIAGEN Aarhus 
A/S) with standard settings (minimal fragment length of 50 bp, trimming of the first 20 
nucleotides at the 5’ site and a quality score limit of 0.01). Paired reads were merged using 
the standard settings and all merged reads, ‘Orphans’ and single paired reads were included 
into a De Novo assembly (default settings and word size 30, bubble size 5000, length fraction 
0.5, similarity fraction 0.95, minimum contig length 1000 bp). To extract the contigs of 
‘Candidatus Methanoperedens nitroreducens Verserenetto’, the contigs were binned based 
on GC-content and read coverage in Rstudio (RStudio Team, 2015). The contigs of ‘Ca. M. 
nitroreducens Verserenetto’ were extracted and the completeness of the draft genome and 
contamination were assessed by CheckM (16). Prokka was used for annotation of the genome 
of ‘Ca. Methanoperedens nitroreducens Verserenetto’. (19). Metagenomic data have been 
deposited to the European Nucleotide Archive (ENA) under the accession number ERS2523352 
(SAMEA4703186). The draft genome of ‘Ca. Methanoperedens nitroreducens Verserenetto’ 
has been deposited to the European Nucleotide Archive (ENA) under the accession number 
ERS2527105 (SAMEA4706944).
The 16S rRNA genes were retrieved from the metagenome by mapping all reads to the SILVA 
128 SSURef Nr99 database (insertion cost 3, deletion cost 3, length fraction 0.5, similarity 
fraction = 0.95). All mapped sequence reads were further processed by the NGS analysis 
pipeline of the SILVA rRNA gene database project (SILVAngs 1.3) (Quast et al., 2013). Each 
read was aligned using the SILVA Incremental Aligner (SINA SINA v1.2.10 for ARB SVN 
(revision 21008)) (Pruesse, Peplies, & Glockner, 2012) against the SILVA SSU rRNA SEED and 
quality controlled (Quast et al., 2013). Reads shorter than 50 aligned nucleotides and reads 
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with more than 2% of ambiguities, or 2% of homopolymers, respectively, were excluded from 
further processing. Putative contaminations and artefacts reads with a low alignment quality 
(50 alignment identity, 40 alignment score reported by SINA), were identified and excluded 
from downstream analysis. After these initial steps of quality control, identical reads were 
identified (dereplication), the unique reads were  clustered (OTUs), on a per sample basis, 
and the reference read of each OTU was classified. Dereplication and clustering was done 
using cd-hit-test (version 3.1.2; http://www.bioinformatics.org/cd-hit) (Li & Godzik, 2006) 
running in accurate mode, ignoring overhangs, and applying identity criteria of 1.00 and 0.98, 
respectively. The classification was performed by a local nucleotide BLAST search against the 
non-redundant version of the SILVA SSU Ref dataset (release 132; http://www.arb-silva.de) 
using Blastn (version 2.2.30+; http://blast.ncbi.nlm.nih.gov/Blast.cgi) with standard settings 
(Camacho et al., 2009). The classification of each OTU reference read was mapped onto all 
reads that were assigned to the respective OTU. Reads without any BLAST hits or reads with 
weak BLAST hits, where the function “(% sequence identity + % alignment coverage)/2” did not 
exceed the value of 93, remain unclassified. These reads were assigned to the meta group “No 
Relative” in the SILVAngs fingerprint and Krona charts (Ondov, Bergman, & Phillippy, 2011). 
This method was first used in several publications (Klindworth et al., 2013; Ionescu et al. 2012). 
Fluorescence in situ hybridization
Prior to the incubation experiments, 1.5 ml of reactor biomass was harvested for fluorescent 
in situ hybridization (FISH). The biomass, consisting of dense granular aggregates was first 
disrupted by mechanical force through a series of needles with decreasing diameter: 1.2, 0.8, 
0.6, 0.4 mm. The disrupted biomass was then pelleted by centrifugation at 4000 x g for 5 min 
and the supernatant was discarded. The pellet was washed twice with 1 ml saline phosphate-
buffer (PBS: 130 mM NaCl, 10 mM phosphate buffer pH 7.4). After the washing steps, the pellet 
was re-suspended in 0.3 ml of PBS and fixed with 900 µl paraformaldehyde (4%) overnight at 
4°C. FISH was performed as previously described (Ettwig et al., 2008), using 35% formamide 
stringency. The specific probes used were, DAMOBACT-0193 (5’-CGC TCG CCC CCT TTG GTC-
3’) for Methylomirabilis-like bacteria; DAMOARCH-0641 (5’-GGT CCC AAG CCT ACC AGT-3’) 
specific for ‘Ca. M. nitroreducens’ archaea; EUB 338 (S-D-Bact-0338-a-A-18) (Amann et al., 
1990), EUB 338 II (S-D-Bact_0338-b-A-18) (Daims, Brühl, Amann, Schleifer, & Wagner, 1999) 
and EUB 338 III (S-D-Bact-0338-c-A-18) (Daims et al., 1999) for most bacteria; S-D-Arch-0915-
a-A-20 (Boetius et al., 2000) for most archaea. Vectashield as mounting medium with DAPI (5 
mg/ml) was used as counter stain. Images were taken with a Zeiss Axioplan 2 epifluorescence 
microscope equipped with a CCD camera, together with the Axiovision software package 
(Zeiss, Germany).
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Activity measurements
Activity assays were performed in 60 ml serum bottles containing 45 ml of reactor biomass. 
Prior to sampling, the biomass in the reactor was stirred at 500 rpm for 5 min to ensure the 
homogeneity. After transfer, 15N-NaNO3 (final concentration in the bottles, 1 mM) was added, 
controls received no addition. The bottles were sealed with red butyl rubber stoppers and crimp 
capped. The bottles were made anoxic by five 3 min cycles of vacuum and purging with argon-
CO2 (95%-5%). One bar of overpressure was introduced to the bottles, and 10% 
13C-CH4 was 
added to all bottles, except for the controls without methane. 5% of oxygen was added to the 
headspace of incubations of oxidative stress. Gas samples of 50 µl were taken at various time 
points over a 24 h period. The production of 13C-CO2 and consumption of O2 were monitored 
by gas chromatography-mass spectrometry (GC-MS) (Agilent 5975 inert MSD, Agilent, USA). 
Calibration was performed with standard gas consisting of QS/1.06%/0.82%/1.32%/459 ppm 
He/CO2/N2/O2/N2O (Air Liquide BV, the Netherlands).
Protein determination
Protein determination was carried out on 10 ml reactor biomass samples, in duplicate. Sample 
was taken after settling in the SBR cycle and pottered using a glass homogenizer. A volume of 
the homogenized sample was mixed 1:1 with a 3 M NaOH solution and heated for 30 min at 90 
°C. After cooling to room temperature CuSO4 4% was added in a 2:1 ratio, vigorously mixed and 
centrifuged 4000 x g for5 min at RT. The supernatant was transferred and measured at 540 nm 
(SPECTRONIC 200, Thermo Scientific, USA). Bovine serum albumin was used for calibration 
curve. 
RNA extraction
RNA was extracted from each of the incubation assays (control with 1mM nitrate and 10% of 
methane and oxygen exposed with 1mM nitrate, 10% of methane and 5% of oxygen) after 24 
h and simultaneously from reactor biomass in triplicate, using the Ribopure RNA extraction 
kit according to the manufacturer’s protocol (Life Technologies, Carlsbad, California, USA). An 
additional bead beating step of 7 min of 30 beats/s was added to disrupt the cells. RNA was 
eluted from the spin column with 25 µl of DEPC treated MilliQ water. Quality and quantity were 
determined with the Bioanalyzer® 2100 (Agilent Technologies, Santa Clara, USA) and Qubit 
using the Qubit™ RNA HS Assay Kit (Thermo Fisher Scientific Inc. Waltham USA), respectively.
Metatranscriptome sequencing and data analysis
For the transcriptome libraries, the TruSeq Stranded mRNA Sample Preparation protocol was 
used according the manufacturer’s instructions (Illumina, San Diego, California U.S.A.). Minor 
adaptations to the protocol were introduced since total RNA was used for library preparation. 
The libraries obtained were quantitatively and qualitatively checked and processed as described 
above. After dilution to 4nM, pooling the libraries and denaturing using the Denature and 
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Dilute Libraries Guide (Illumina, San Diego, California U.S.A.), the libraries were sequenced 
on the Illumina Miseq machine (San Diego, California USA). Pooled libraries were loaded in 
the cartridge and sequencing was performed with the 150 bp sequence chemistry using the 
MiSeq Reagent Kit v3 (San Diego, California USA) according the manufacturers protocol in one 
direction. 
To analyze the metatranscriptome, trimmed reads were mapped to the annotated draft genome 
of ‘Ca. M. nitroreducens Verserenetto’, see above using CLC genomic Workbench 11 (RNA-seq) 
and further analyzed using R package ‘Deseq2’ (Love, Huber, & Anders, 2014).
To analyze the 16S rRNA genes from the active community, reads from the metatranscriptomes 
were trimmed (default settings, Quality limits 0.01 and minimal length 50 bp, using the CLC 
genomic Workbench 11 (QIAGEN Aarhus A/S) and mapped against the SILVA 128 SSURef Nr99 
database (insertion cost 3, deletion cost 3, length fraction 0.5, similarity fraction = 0.98). Analysis 
was carried out as described above for the metagenome sequencing, with the exception that 
subsampling per treatment was carried out and 15000 sequences were subsampled and 
analyzed as described above. Metatranscriptome data have been deposited to the European 
Nucleotide Archive (ENA) under the accession number ERS2527068 (SAMEA4706907).
pmoA gene read analysis
Quality trimmed paired and merged metagenome reads and quality trimmed metatranscriptome 
reads from all treatments were subjected to BLASTX analysis against a previously described 
manually curated protein databases for particulate methane monooxygenases and both 
archaeal and bacterial ammonia monooxygenases (cut off E-value 10e-6) (Lüke et al., 2016). 
Positive reads were extracted and subjected to a BLASTX analysis against a non-redundant 
protein database. The output from both BLASTX analyses was plotted against each other based 
on calculated bit scores to obtain a bit score ratio. The bit score ratio was then used to filter 
out false positive hits in a procedure described previously (Dean et al. 2017). Positive hits were 
then classified in MEGAN (version 5.11.3) based on the procedure and database described 
previously (Dumont et al., 2014; Hudson et al., 2011). 
Results
Community composition based on metagenome and metatranscriptome sequencing
Both DNA and RNA were extracted from the community after 8 months of stable operation and 
sequenced by MiSeq technology. Phylogenetic analysis of the 16S rRNA gene reads retrieved 
from metagenome sequencing showed that 83 % of the reads were assigned to Archaea and 17 
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% to Bacteria. All obtained archaeal reads belonged to ‘Ca. Methanoperedens nitroreducens’, 
the dominant microorganism in this enrichment culture. In the bacterial community, 4.9 % 
of the reads were assigned to the genus Denitratisoma, followed by the genera ‘Candidatus 
Methylomirabilis sp.’ (1.9 %), Deltaproteobacteria environmental group DTB120 (1.5%) and 
Geobacter (1 %). The 16S rRNA gene distribution of the reactor is depicted in Figure 1, sample 
Reactor MET. 
Metatranscriptome sequencing of the enrichment culture, control incubations and oxygen 
amended incubations confirmed that the only archaeon present was ‘Ca. M. nitroreducens’. 
The metatranscriptome of the enrichment culture (VT in Figure 1) indicated that the active 
community comprised of 70% of ‘Candidatus Methanoperedens nitroreducens’, followed by 
bacteria from the genera Geobacter (6.4%), ‘Candidatus Brocadia sp.‘ (4.1%), ‘Candidatus 
Methylomirabilis sp.’ (2.7%), DTB120 (2.4%) and Denitratisoma (1.5%). A similar distribution 
pattern was observed for the 16S RNA genes in the metatranscriptomes of the batch 
incubations with (Batch TRNS OXY in Figure 1) and without (Batch TRNS CTRL in Figure 1) 
addition of oxygen after 24 h. In the control batch incubation with nitrate and methane 58.4% 
of the reads were assigned to a ‘Candidatus Methanoperedens nitroreducens’, compared to 
54.3% in the incubations exposed to oxygen. The transcriptomes of the reactor biomass and 
anoxic batch incubations with only nitrate and methane contained less than 0.1 % 16S rRNA 
reads that could be assigned to the genus Methylomonas, aerobic type I methane oxidizing 
bacteria. In incubations with oxygen however, 7% of the total 16S rRNA gene reads could be 
assigned to Methylomonas sp after 24 h of exposure.
Fluorescence in situ hybridization
To verify the community composition, fluorescence in situ hybridization with specific probes 
was carried out periodically. ‘Ca. M. nitroreducens’ archaea were clearly labeled in a sample 
of granular biomass from the bioreactor enrichment culture. The typical granule morphology 
was characterized by a dense agglomeration encapsulated with a thick matrix of exopolymeric 
substances (EPS). In a representative granule (Figure 2), the capsule of EPS emitted the typical 
fluorescent signature around the macro structure of the granule. This forms a diffuse layer 
on the specimen in two-dimensional space, making it difficult to achieve an image of higher 
resolution. Regarding the microbial community composition of the biomass, the image results 
confirmed the 16S rRNA gene analysis. The granular structure of the biomass was dominated 
by ‘Ca. M. nitroreducens’, showing a typical cauliflower configuration of archaeal aggregates 
(depicted in green). This has been observed previously on a related archaeon (Gambelli et al., 
2018). NC10 phylum bacteria (depicted in purple) formed just a small fraction of total bacteria 
(depicted in blue) (Figure 2).
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Figure 1 | Taxonomic 16S rRNA gene read distribution obtained from the metagenome (Reactor MET) and 
metatranscriptome (Reactor TRNS) sequencing of the bioreactor and metatranscriptome sequencing of 
batch incubations supplied with 1 mM nitrate in the medium and 10% methane in the headspace (Batch 
TRNS CTRL) or 1mM nitrate, 10% methane and 5% oxygen in the headspace (Batch TRNS OXY). Each 
column bar for transcriptomes represents the average of three replicates.
Figure 2 | Fluorescent micrographs of the granular biomass of the ‘Ca. M. nitroreducens’ enrichment 
culture. ‘Ca. M. nitroreducens’ archaea clusters are shown in green (combination of specific ‘Ca. M. 
nitroreducens’ probes DARCH 641-CY3 and general archaea probe ARCH 915-Fluos) and NC10 phylum 
bacteria in purple (combination of DBACT 193-CY3 and general bacteria probe EUBMIX-CY5). The ‘Ca. M. 
nitroreducens’ clusters occur as a core surrounded by a dense capsule consisting of a mix of EPS stained 
by DAPI in cyan and a side population of bacteria in blue (EUB MIX-CY5). Scale bar is 20µM.
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Genome of ‘Candidatus M. nitroreducens’ strain Verserenetto
Illumina sequencing of the total metagenome resulted in 7,950,503 reads with an average length 
of 275.8 base pairs after quality trimming. After de novo assembly and binning, the assembled 
metagenome sequences assigned as ‘Candidatus Methanoperedens nitroreducens’ resulted in 
a high-quality draft genome of 67 contigs with an N50 value of 92,594 bp. The genome size was 
3.51 Mb and the completeness were 99.4% with 2.6% contamination as assessed with checkM. 
The overall GC content of the genome was 40.8% and it contains 3,829 assigned open reading 
frames. The genome contained all key functional genes for the reverse methanogenesis 
pathway and nitrate reduction. Similar to ‘Candidatus M. nitroreducens BLZ2’, we found two 
copies of the narG gene (Berger, Frank, Dalcin Martins, & Jetten, 2017). Phylogenetic analysis 
showed that the 16S rRNA gene sequence of our ‘Ca. Methanoperedens nitroreducens’ 
clustered with the previously described ‘Candidatus M. nitroreducens BLZ1’ (99% identity) 
(Figure 3). The diagnostic mcrA gene was 95% similar to ‘Candidatus M. nitroreducens BLZ2’ 
(WP_097300250.1) and 92% similar to ‘Ca. M. nitroreducens ANME2D’ (WP_048089615.1) at 
the protein level. The strain described in this study was named ‘Candidatus M. nitroreducens 
Verserenetto’. 
MNVS_02427, ‘Candidatus Methanoperedens nitroreducens Verserenetto’
HM244261, uncultured archaeon, Honghu Lake sediment
MAGE45162429, ‘Candidatus Methanoperedens nitroreducens Vercelli’
JN397641, uncultured archaeon, river bank sediment
JN397864, uncultured archaeon, spring pit
EU155918, uncultured archaeon, rich minerotrophic fen
DQ301885, uncultured archaeon, acidic peatland
FN429785, uncultured archaeon, marine sediment
DAJM01000052.1,  ‘Candidatus Methanoperedens sp. UBA453 ‘
JF304119, uncultured archaeon, outfall sediment
KC604431, uncultured archaeon, groundwater
JN798488, uncultured archaeon, hydrothermal oxides
FN553696, uncultured archaeon Logatchev hydrothermal vent
HQ916487, uncultured archaeon, Lei Gong Huo mud volcano
HQ654874, uncultured archaeon, Nirano mud volcano
PGYG01000007.1, ‘Candidatus HGW Methanoperedenaceae1‘ 
HQ588651, uncultured archaeon, Amsterdam mud volcano sediment
FJ712371, uncultured archaeon, Kazan Mud Volcano sediment
KJ881619, uncultured archaeon, Red Sea sediment
AB329824, uncultured archaeon, hydrothermal deposits
0.10
ANME1
LKMCM0100080.1, ‘Candidatus Methanoperedens BLZ1’
JMIY01000002.1, ‘Candidatus Methanoperedens nitroreducens ANME2D’
Figure 3 | Phylogenetic tree illustrating the relationship of the assembled 16S rRNA gene of ‘Ca. M. 
nitroreducens Verserenetto’ among closely related sequences. Phylogenetic tree was constructed using 
ARB the Neighbour-joining method. The phylogenetic tree was rooted to the ANME1 cluster. The scale bar 
represents the difference of 0.1 substitutions per site.
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Batch activity assays with and without the amendment of oxygen
To study the effect of oxygen, biomass from the reactor was transferred to serum bottles. The 
oxygen levels in all incubations amended with oxygen dropped from 5% in the headspace at the 
start to 3.6%, on average, after 12 h of incubation. After 18 h the re-addition of oxygen to 4.4% 
of headspace concentration resulted in faster oxygen consumption, with residual 3.1% after 21 
h and 0.4% after 24 h exposure. The methane conversion in control (10% methane and 1 mM 
NaNO3) incubations started immediately, whereas in the oxic batch incubations a 6-hour lag 
phase was observed. Over the first 6 hours of incubations the respective rates for methane 
oxidation were 4.9 ±0.2 nmol h-1 mg-1 (CRTL), 2.6±0.2 nmol h-1 mg-1 (10% methane, 1mM NaNO3 
and 5% oxygen) and 3.4 ±0.9 nmol h-1 mg-1 (10% methane and 5% oxygen).
Oxic incubations showed on average a higher methane oxidizing activity over 24 h period in 
comparison to the controls (Table 1). The measured protein concentration of the enrichment 
samples was 1.4 ± 0.1 mg mL-1. 
Table 1 | Average methane oxidation rates of batch incubations calculated per ml of reactor biomass and 
mg of protein.
Batch incubation Activity nmol h-1 ml-1 Activity nmol h-1 mg protein-1
1mM NaNO3 10% CH4 3.2 ±0.2 4.5 ±0.3
1mM NaNO3 10% CH4 5% O2 7.4 ±0.5 10.4 ±0.7
10% CH4 5% O2 8.4 ±1.4 11.7 ±1.9 
Response of the methanotrophic bacterial community to oxygen exposure
After the observation that oxygen addition stimulated the methane consumption, we also 
analysed the 16S rRNA and pmoA genes present in the metatranscriptome samples, with an 
emphasis on the relative abundance of methanotrophic bacteria. Both, intra-aerobic methane 
oxidizing NC10 phylum bacteria and aerobic methanotrophs utilize a membrane-bound 
methane monooxygenase (pMMO) for methane oxidation. The presence of pmoA (encoding for 
one of the subunits of pMMO) gene content and taxonomic distribution was analyzed (Figure 
4). In the metagenome, 5*10-4% of all reads were assigned as pmoA, all encoding for pmoA 
of NC10 phylum bacteria. In the reactor transcriptome 7 *10-4% of all reads were assigned 
to pmoA of the NC10 phylum bacteria and 7*10-5% to Methylomonas sp. pmoA. This was 
comparable with the control batch incubations with nitrate and methane. However, in batch 
incubations with oxygen, pmoA reads assigned as Methylomonas sp. increased three orders 
of magnitude, whereas no increase in read numbers of pmoA of NC10 phylum bacteria was 
observed. 
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Figure 4 | Taxonomic pmoA gene read distribution obtained from metatranscriptome (VT) sequencing 
of the bioreactor and metatranscriptome sequencing of batch incubations supplied with 1 mM nitrate 
and 10% methane in the headspace (CTRL) and 1 mM nitrate and 10% methane and 5% oxygen in the 
headspace (OXY). The three replicates are shown separately.
Changes in transcript levels of ‘Ca. M. nitroreducens Verserenetto’ upon exposure to 
oxygen
We compared the changes in gene expression levels under anoxic control incubations (with 
nitrate and methane) versus incubations with oxygen exposure (nitrate, methane and oxygen). 
Out of 3873 transcripts 1052 were upregulated, 508 were downregulated (threshold 2-fold for 
up-or downregulation) and 583 showed no change in expression levels in oxygen amended 
incubations. The results of the analysis are shown for central energy metabolism of ‘Ca. M. 
nitroreducens Verserenetto’, targeting the key functional genes encoding methane oxidation 
and nitrate reduction pathways (Table 2) as well as for potential genes encoding oxidative 
stress response pathways (Table 3). 
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 132
132
Table 2 | Difference in gene expression of genes encoding for proteins involved in the methane oxidation 
and denitrification pathway in oxygen amended incubations versus anoxic control incubations after 24 h. 
Gene name Gene abbreviation Locus tag Fold change p-value
Methyl-coenzyme M reductase mcrG MNVS_02828 -8.75 2.52E-19
mcrA MNVS_02829 -8.63 1.95E-19
mcrB MNVS_02826 -7.73 7.45E-17
mcrC MNVS_02794 -3.27 9.69E-04
tetrahydromethanopterin S-methyltransferase mtrF MNVS_02473 -4.59 3.53E-01
mtrC MNVS_02476 -2.89 9.23E-02
mtrA1 MNVS_02474 -2.85 2.12E-02
mtrG MNVS_02472 -2.51 3.47E-01
mtrD1 MNVS_02477 -2.39 1.99E-01
mtrB MNVS_02475 -2.14 4.22E-01
mtrH MNVS_02471 -1.97 8.09E-02
mtrE MNVS_02478 -1.33 6.34E-01
mtrD2 MNVS_02633 2.97 3.70E-01
F420-dependent methylene –H4MPT reductase Mer MNVS_02157 -1.58 2.42E-01
F420-dependent methylene H4MPT dehydrogenase Mtd MNVS_00113 -4.53 6.61E-03
Methenyl-H4MPT cyclohydrolase mch_1 MNVS_00232 -4.63 2.25E-01
mch_2 MNVS_01068 1.40 6.94E-01
Tetrahydromethanopterin formyltransferase Ftr MNVS_01136 1.06 9.22E-01
Molybdenum dependent formyl-MFR dehydrogenase fmdC_1 MNVS_01939 -11.88 5.59E-04
fmdC_2 MNVS_02819 1.48 7.71E-01
Tungsten dependent formyl-MFR dehydrogenase fwdC_2 MNVS_01111 -1.80 7.82E-01
fwdC_3 MNVS_02822 -1.53 4.47E-01
fwdC_1 MNVS_00424 1.42 7.35E-01
Nitrate reductase narG_1 MNVS_03649 -4.53 6.87E-04
narG_2 MNVS_03754 -3.78 2.44E-06
narH_2 MNVS_03753 -3.78 1.31E-03
narH_1 MNVS_03650 -3.34 4.43E-02
narC_1 MNVS_01288 -2.68 3.00E-01
narB_1 MNVS_01290 -1.13 8.88E-01
narC_2 MNVS_01289 1.15 8.50E-01
Formate dependent Nitrite reductase nrfA MNVS_03633 -18.64 3.65E-05
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Table 3 | Difference in gene expression for genes encoding for proteins involved in oxidative stress response 
pathways in oxygen amended incubations versus anoxic control incubations after 24 h. 
Gene name Gene abbreviation Annotation Fold Change p-value
Superoxide dismutase FE Sod MNVS_00641 -2.75 3,70E-03
Superoxide dismutase FE Sod MNVS_03558 1.13 9,45E-01
Superoxide dismutase FE Sod MNVS_03536 -3.30 6,73E-01
Glutaredoxin Grx MNVS_02652 2.32 7,24E-01
Thioredoxin Trx MNVS_01832 1.05 9,59E-01
Thioredoxin Trx MNVS_01004 1.03 9,69E-01
Thioredoxin family protein # MNVS_01348 8.22 1,29E-01
Thioredoxin family protein # MNVS_00830 -3.97 1,64E-01
Thioredoxin like protein # MNVS_03051 1.51 7,60E-01
Ferredoxin thioredoxin reductase TrxR MNVS_03540 1.16 9,16E-01
Rubrerythrin Rbr MNVS_03304 1.46 5,61E-01
Rubrerythrin Rbr MNVS_03551 1.80 3,98E-01
Reverse rubrerythrin (Rubrerythrin family protein) Rbr MNVS_00963 9.45 3,48E-03
Rubredoxin Rub MNVS_01468 -4.59 3,50E-01
Rubredoxin Rub MNVS_02621 -3.53 5.66E-01
Rubredoxin Rub MNVS_02800 -2.13 6.54E-01
Peroxiredoxin Prx MNVS_02094 1.99 5.89E-01
Peroxiredoxin Prx MNVS_03554 1.32 1.61E-01
Peroxiredoxin Prx MNVS_01833 -1.85 7.61E-01
OsmC family peroxiredoxin Prx MNVS_01176 1.61 7.06E-01
Peroxidase Px MNVS_02565 5.51 6.25E-05
Alkyl hydroperoxidase AhpD MNVS_00489 1.97 6.90E-01
Type A flavoprotein FprA FprA MNVS_01083 22.16 1.11E-02
Type A flavoprotein FprA FprA MNVS_03305 1.06 7.72E-01
Type A flavoprotein FprA FprA MNVS_02778 -1.48 5.25E-01
Type A flavoprotein FprA FprA MNVS_01610 -1.02 5.24E-01
Type A flavoprotein FprA FprA MNVS_01745 3.80 2.32E-02
Type A flavoprotein FprA FprA MNVS_00485 -1.32 7.40E-01
Type A flavoprotein FprA FprA MNVS_00503 -1.65 3.10E-01
Iron-sulfur cluster assembly protein NifU MNVS_01057 1.76 5.26E-02
Iron-sulfur cluster assembly protein NifU MNVS_01084 1.17 7.24E-02
Cysteine desulfurase NifS MNVS_01058 2.00 3.57E-01
Cysteine desulfurase NifS MNVS_01085 1.64 3.15E-01
Cysteine desulfurase sufS MNVS_00788 -1.07 9.23E-01
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For the methane oxidation pathway, 13 transcripts out of 23 transcripts were downregulated. 
Most downregulated genes encoded the MCR enzyme complex, with mcrG and mcrA showing 
-8.75 and -8.63 fold changes upon oxygen exposure, respectively. In the nitrate reduction 
pathway, the most downregulated gene was nitrite reductase nrfA (-18.64 fold change) followed 
by nitrate reductase narG (-4.53 fold change).
The genome of ‘Ca. M. nitroreducens Verserenetto’ contains several putative oxidative stress 
genes (Table 3). Fourteen out of thirty-four of these genes showed upregulation after oxygen 
exposure. There was clear upregulation of genes encoding for glutaredoxin, thioredoxin 
family/like proteins, rubrerythrins, peroxiredoxins, peroxidase, alkyl hydroperoxidase, type A 
flavoproteins , FeS cluster assembly protein and cysteine desulfurases upon oxygen exposure. 
Furthermore, in the genome of ‘Ca. M. nitroreducens Verserenetto’, several putative genes 
possibly involved in archaellum formation were identified (Supplementary Table 1) and flaI, 
flaD, flaJ, flaB and flaK showed 2-16 fold up regulation upon oxygen exposure. 
Discussion 
In marine environments, up to 90% of the methane produced in deeper layers is consumed 
by anaerobic sulfate-dependent methane oxidation before it is released to the atmosphere 
(Hinrichs & Boetius, 2002). In freshwater ecosystems, sulfate concentrations are typically 
lower, and nitrogen oxides may serve as alternative electron acceptors for microorganisms 
performing nitrate-or nitrite-dependent anaerobic oxidation of methane. However, due to few 
available studies, the contribution of N-AOM microorganisms to global methane mitigation in 
comparison to aerobic methanotrophs is not yet resolved. In natural or man-made ecosystems, 
oxic and anoxic interphases such as semi-oxic rhizosphere and soil in paddy fields, often co-
occur and provide a niche for both aerobic and anaerobic methanotrophs. Thus, for estimations 
of the contribution of anaerobic methanotrophs to methane mitigation in natural environments, 
as well as possible application in wastewater treatment plants, the tolerance and response of 
N-AOM microorganisms to oxygen is of great relevance. 
Physiological studies of N-AOM microorganisms are challenging, as both organisms grow very 
slowly and have doubling time of days to weeks and no pure culture exists. In this study, we 
investigated the response of a culture highly enriched with a new N-AOM archaeon strain ‘Ca. 
M. nitroreducens Verserenetto,’ upon exposure to oxygen. The current enrichment is one of 
the highest enrichments reported for this microorganism, with the 83% dominance of this 
strain in the enrichment culture. Despite of the high enrichment of ‘Ca. M. nitroreducens’, it 
is important to take into consideration the minor, yet diverse other members in the microbial 
side community, consisting of microorganisms possibly converting methane, nitrogen oxides 
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and organic carbon. Despite of the long anoxic incubation time (>2 years), this community still 
contained a population of aerobic methane-oxidizing Methylomonas bacteria (approximately 
0.1% of the 16S rRNA reads of the bioreactor and control incubation metatranscriptome), 
which are presumably inactive but become active (approximately 7% of the 16S rRNA reads 
of oxygen amended incubation metatranscriptome) and oxidize methane as soon (traces of) 
oxygen become available (Aoki et al., 2014). It may be that these aerobic methanotrophs are 
also active without the presence of oxygen or at very low oxygen concentrations, as has been 
demonstrated for several oxygen-limited environments, where aerobic methanotrophs are 
abundant and active (Mackelprang et al., 2011, Saidi-Mehrabad et al., 2013, Tavormina et al., 
2013). Furthermore, some MOB couple methane oxidation to nitrate reduction under hypoxic 
conditions (Kits et al., 2015) as well might carry out fermentation during oxygen starvation 
(Kalyuzhnaya et al., 2013). Similar observations were made for the persistent presence of 
aerobic ammonium oxidizers in anammox enrichment cultures (van de Graaf et al., 1996, 
Sliekers et al., 2002). 
Transcriptome analysis revealed that oxygen exposure substantially altered the active members 
of the community in the enrichment culture. The 16S rRNA gene transcription was downregulated 
by 4% for ‘Ca. M. nitroreducens Verserenetto,’ in incubations with added oxygen versus anoxic 
control incubations. ‘Ca. M. nitroreducens’ archaea are closely related to methanogens and 
have a similar metabolic pathway operating in a reverse direction (Table 2 summarizes the 
genes involved in this pathway). Since methanogens are considered very sensitive to oxygen 
and become inhibited upon exposure (Thauer, 1998), ‘Ca. M. nitroreducens’ was hypothesized 
to exhibit similar reaction. The exposure to oxygen resulted in a large-scale downregulation of 
key metabolic genes involved in the reverse methanogenesis and nitrate reduction pathway. 
The central dissimilatory nitrogen metabolism in ‘Ca. M. nitroreducens,’ is represented by 
nitrate reduction to nitrite, although in addition there is genomic and experimental evidence 
for a potential of dissimilatory nitrite reduction to ammonia (DNRA; nrfAH) (Arshad et al., 2015, 
Ettwig et al., 2016). The potential for DNRA and under which conditions does it occur, have not 
been investigated in detail and is challenging due to presence of nitrite-scavenging bacteria 
in the microbial communities (Haroon et al., 2013, Vaksmaa et al., 2017, Gambelli et al., 2018). 
The genes encoding key enzymes involved in nitrate reduction (narG) and DNRA (nrfA) were 
strongly downregulated in ‘Ca. M. nitroreducens Verserenetto’ exposed to oxygen. However, 
heterotrophic denitrification may still occur under microaerophilic or even oxic conditions 
(Zumft, 1997) thus making a closed nitrogen balance challenging. 
Regarding the capability to endure oxygen exposure, the genome of ‘Ca. M. nitroreducens 
Verserenetto’ contained several putative genes involved in counteracting oxidative stress. 
We identified three gene copies of superoxide dismutase, one glutaredoxin, two thioredoxins, 
three thioredoxin family/like proteins, ferredoxin thioredoxin reductase, three rubrerythrins, 
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two peroxiredoxins and three rubredoxins, four peroxiredoxins, one peroxidase and one alkyl 
hydroperoxidase, seven type A flavoproteins, three cysteine desulfurases and two FeS cluster 
assembly proteins. Stress response to oxygen has been extensively studied in methanogens 
(Thauer, 1998), which are the closest relatives of ‘Ca. M. nitroreducens’. Despite of their strictly 
anaerobic lifestyle and sensitivity to oxygen, there is an increasing amount of evidence that 
methanogens are present in semi-oxic soils and are able to resume methanogenic activity 
once anaerobic conditions are restored (Angel et al., 2012). Furthermore, the detection of 
methanogens and by functional inclusion methanotrophic archaea in oxic environments has 
been reported with higher frequency than expected (Pignatelli et al., 2009). It has been shown 
that the methanogen Methanobrevibacter cuticularis is even able to consume oxygen at low 
concentrations while producing methane (Tholen et al., 2007). The view of the methanogens 
from the genera Methanosarcina and Methanocella being strict anaerobes has shifted 
towards “universal members of aerated soils” (Angel et al., 2012). Some methanogens are 
able to counteract the oxidative stress which allows them to exist in semi-oxic and aerated 
environments (Erkel et al., 2006, Angel et al., 2011). Recently, analysis of the genomic potential 
of several methanogens revealed the presence of genes encoding enzymes involved in oxidative 
stress defense. 
The transcriptome data of our oxygen exposed batch incubations indicated the upregulation 
of thioredoxin like proteins, thioredoxin reductase, thioredoxin, glutaredoxin, rubrerythrins, 
peroxiredoxins, peroxidase, alkyl hydroperoxidase, type A flavoproteins, FeS cluster assembly 
protein and cysteine desulfurase occurred in ‘Ca. M. nitroreducens Verserenetto’ upon the 
exposure to oxygen. 
Thioredoxin (Trx) is a small, well-characterized protein which is nearly universal in methanogens 
and is involved in response to oxidative stress (Susanti et al., 2014). Methanosarcina acetivorans 
harbors seven Trx homologues, whereas members of the Methanococci and Methanobacteria 
genera harbor two (McCarver & Lessner, 2014). In methanogens that actively produce methane 
in oxygenated soils, such as ‘Candidatus Methanothrix paradoxum’, two copies of rubrerythrin 
genes, have been described and shown to be highly transcribed (Angle et al., 2017). In case 
of ‘Ca. M. nitroreducens’ archaea and their response to oxygen exposure, the upregulation 
of thioredoxin and glutaredoxin encoding genes suggests a self-repairing strategy against 
oxidative stress which is characteristic for class II methanogens to which ‘Ca. M. nitroreducens’ 
is closest affiliated. The expression of thioredoxins is known to be correlated to the repair 
mechanisms after the oxidation of membrane phospholipids, oxidation of pyrimidines; this 
self-repair mechanisms consist in the reduction of phospholipid hydroperoxides, reduction of 
disulfide bonds and the assembly of FeS clusters (Lyu & Lu, 2018). Fe-S cluster assembly 
systems are encoded by several strains of Methanocellales, which are known for their aero 
tolerant lifestyle (Lyu & Lu, 2018). Furthermore, genes encoding for cysteine desulfurases 
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were present in the genome of ‘Ca. M. nitroreducens’, with one copy upregulated upon oxygen 
exposure. These are likely linked to scavenging of sulfur from amino acids containing cysteine 
and needed for the assembly and repair of oxidized Fe-S clusters. Alkyl hydroperoxidases 
convert the endogenously produced hydrogen peroxide to water (Seaver & Imlay, 2001). 
Similar to hydroperoxidases, rubrerythrins serve in deactivating the ROS, by neutralizing 
them with water as end product. The upregulation of genes encoding for rubrerythrins and 
hydroperoxidases suggests that ‘Ca. M. nitroreducens’ generally employs the ROS deactivation 
strategy, without internal oxygen production (May et al., 2004). The self-repair response and the 
deactivation of oxygenic mechanisms, is enhanced by the up regulation of genes encoding type 
A flavoproteins, known to be involved in chain reactions for oxygen reduction. This mechanism 
has been studied for obligate anaerobic bacteria from the genus Clostridium, and is generally 
involved in the maintenance of the redox balance by influencing the ratio of NADP(+)/NADPH in 
cellular processes (Le Fourn et al., 2011, Boonma et al., 2017). 
Besides the upregulation of genes directly involved in counteracting oxygen damage, several 
putative genes involved in archaellum formation were up regulated (2-16 fold) in oxygen exposed 
of ‘Ca. M. nitroreducens Verserenetto’. The transcription of putative genes encoding FlaD 
(signaling component), FlaB2_2 (encoding for archeallin), FlaK (pre flagellin peptidase, cleaves 
the pre flagellin leader peptide) and FlaI (homologue of the PilB-like polymerizing ATPase, key 
component of the type IV pili assembly system) (Correia & Jarrell, 2000, Bardy & Jarrell, 2003, 
Albers & Jarrell, 2015), indicate that these archaea might be able to form archaella in response 
to adverse conditions. Biosynthesis of archaella will need to be confirmed by proteomic and 
electron microscopy studies.
Besides the anaerobic ‘Ca. M. nitroreducens’, the microbial community contained NC10 phylum 
bacteria (1.9% of the 16S rRNA gene reads in the metagenome). NC10 phylum bacteria from 
the genus Methylomirabilis use nitrite as electron acceptor, which they may receive either from 
‘Ca. M. nitroreducens Verserenetto’ or from heterotrophic nitrate reducers. The methanotrophic 
NC10 phylum bacteria with their putative intra-aerobic pathway seemed not to respond to the 
addition of oxygen in the investigated time frame since in the metatranscriptomes of both 
treatments the total 16S rRNA gene reads assigned to these bacteria remained at about 6%. 
However, the comparison of NC10 pmoA transcript levels in control and oxic batch incubations 
revealed a decrease from 7*10-4% to 2*10-4% indicating a reduced methanotrophic activity of 
NC10 phylum bacteria. The effect of oxygen exposure on an enrichment culture dominated by 
NC10 phylum methanotrophs was investigated previously (Luesken et al., 2012). In that study 
biomass was exposed to 2% and 8% of oxygen, which resulted in a decrease in methanotrophic 
activity as well as downregulation of key genes encoding enzymes in methane oxidation and 
nitrite reduction pathways after 24 h of exposure (Luesken et al., 2012). Thus, the reduced 
expression of NC10 bacterial pmoA observed in this study correlates with previous findings. 
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The genes involved in putative nitric oxide dismutation to nitrogen gas, norZ2 was the only copy 
that showed upregulation, however the role of these enzymes remains to be experimentally 
validated. The effect of lower oxygen concentrations: 0.7%, 1.1%, and 2% of oxygen have been 
investigated in enrichment cultures of NC10 phylum bacteria and only 2% of oxygen resulted 
in a decrease in methanotrophic activity and nitrite reduction activity. Controversially, 1.1% 
of oxygen increased the methanotrophic activity and even nitrite reduction. This increase in 
activity could be related to NC10 phylum bacteria activity, however, Gammaproteobacteria 
were present in an increased amount in the enrichment culture based on Fluorescence in-
situ hybridization. Yet, these proteobacteria are known to include heterotrophic denitrifiers 
(Kampman et al., 2018). 
Both, 16S rRNA and pmoA gene analysis also revealed a significant stimulation of MOB in 
oxic conditions versus the control incubations. The most dominant MOB was represented 
by a Methylomonas sp., type I methanotroph regularly found in both marine and freshwater 
environments, including paddy fields (Strand & Lidstrom, 1984, Sieburth et al., 1987, 
Kalyuzhnaya et al., 1999, Ogiso et al., 2012, Kim et al., 2016). Although their abundance in 
the enrichment culture was very low (0.1% of 16S rRNA reads) in the reactor and batch 
incubation metatranscriptomes, it increased to 7% of total 16S rRNA reads in oxic batch 
incubation metatranscriptomes. Presence of Methylomonas species in anaerobic methane 
oxidizing enrichments have been reported before (Aoki et al., 2014) as well as increase in 
methanotrophic activity of anaerobic cultures upon oxygen exposure (Kampman et al., 2018). 
Aerobic methanotrophs are known to rapidly become active under suitable conditions. Our 
activity assays supported the transcriptome data, showing that total methanotrophic activity 
in oxic incubations exhibited a lag phase of 6 h, after which methane conversion rate started 
to increase and surpassed the rate of anoxic control incubations after 18 h. The persistence 
of aerobic methanotrophs in long term anoxic conditions and their much higher affinity for 
methane creates challenges in assessing the contribution of anaerobic methane oxidizers, 
even in anoxic bioreactors. However small the relative abundance of a microorganism is in the 
microbial community, it may account for a large extent of activity. Furthermore, the competition 
in anoxic environments for methane when traces of oxygen become available, between MOB 
and N-AOM microorganisms might be driven by their abilities to consume methane at different 
rates. ANME archaea carrying out sulfate dependent AOM, exhibit an affinity constant for 
methane in the millimolar range (Timmers et al., 2017),  whereas  some MOB have extremely low 
affinity constants, in the nanomolar range (Kravchenko et al., 2010). Another factor that drives 
the shift from aerobic to anaerobic methanotrophy may be the oscillating anoxic conditions in 
environments such as paddy fields, where the agricultural run-off provides nitrogen-based 
electron acceptors, which become more abundant than oxygen.
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In conclusion, a new strain ’Ca. M. nitroreducens Verserenetto’ was enriched and sequenced. 
This study showed a strong response of the newly enriched anaerobic methanotrophic archaea 
to exposure of oxygen based on measured activities and gene expression analysis, and the 
oxidative stress response relies on the expression of highly reducing enzymes which are 
involved in self-repair upon oxygen stress. Thus, transient exposure to oxygen for longer times 
as it might occur at sub-oxic interfaces in soils and wastewater treatment plants would lead to 
inactivation of anaerobic methanotroph activity and a rapid growth of aerobic methanotrophs. It 
remains to be investigated how ‘Ca. M. nitroreducens’ would respond to shorter exposure time 
at lower micromolar concentrations of oxygen mimicking processes that occur at root-soil 
interfaces in ecosystems such as paddy fields.
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Supplementary material
Supplementary table 1 | Difference in gene expression for putative genes encoding for proteins involved in 
archaellum formation in oxygen amended incubations versus anoxic control incubations after 24h. 
Locus Tag Gene Abbreviation Fold Change p-value
MNVS_02934 FlaI 4.04 6.77E-02
MNVS_01141 FlaD 16.04 1.71E-02
MNVS_00659 Type II secretion system protein F 1.48 7.34E-01
MNVS_00658 Type II secretion system protein E 2.19 3.20E-01
MNVS_00657 Flagellar accessory protein FlaH 2.26 6.24E-01
MNVS_00615 Type  IV pilin 2.01 1.56E-01
MNVS_00460 FlaJ 2.26 4.20E-01
MNVS_00459 FlaI 8.04 6.77E-02
MNVS_00352 FlaH NA NA
MNVS_00353 Flagellar protein G NA NA
MNVS_00354 Flagellar protein F NA NA
MNVS_00355 FlaB2_1 1.45 8.25E-01
MNVS_00356 FlaB2_2 5.70 1.38E-01
MNVS_00357 FlgA2 flagellin -1.70 5.70E-01
MNVS_02423 FlaK 10.41 2.74E-02
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Abstract
Methane is a potent greenhouse gas, which can be converted by microorganisms at the 
expense of oxygen, nitrate, nitrite, metal-oxides or sulfate. The bacterium ‘Candidatus 
Methylomirabilis oxyfera’, a member of the NC10 phylum, is capable of nitrite-dependent 
anaerobic methane oxidation. Prolonged enrichment of ‘Ca. M. oxyfera’ with cerium added as 
trace element and without nitrate resulted in the shift of the dominant species. Here, we present 
a high-quality draft genome of the new species ‘Candidatus Methylomirabilis lanthanidiphila’ 
and use comparative genomics to analyze its metabolic potential in both nitrogen and carbon 
cycling. To distinguish between gene content specific for the ‘Ca. Methylomirabilis’ genus and 
the NC10 phylum, the genome of a distantly related NC10 phylum member, CSP1-5, an aerobic 
methylotroph, is included in the analysis. All genes for the conversion of nitrite to N2 identified 
in ‘Ca. M. oxyfera’ are conserved in ‘Ca. M. lanthanidiphila’, including the two putative genes 
for NO dismutase. In addition, both species have several heme-copper oxidases potentially 
involved in NO and O2 respiration. For the oxidation of methane ‘Ca. Methylomirabilis’ species 
encode a membrane bound methane monooxygenase. CSP1-5 can act as a methylotroph 
but lacks the ability to activate methane. In contrast to ‘Ca. M. oxyfera’, which harbors three 
methanol dehydrogenases, both CSP1-5 and ‘Ca. M. lanthanidiphila’ only encode a lanthanide-
dependent XoxF-type methanol dehydrogenase, once more underlining the importance of rare 
earth elements for methylotrophic bacteria. The pathways for the subsequent oxidation of 
formaldehyde to carbon dioxide and for the Calvin-Benson-Bassham cycle are conserved in all 
species. Furthermore, CSP1-5 can only interconvert nitrate and nitrite, but lacks subsequent 
nitrite or NO reductases. Thus, it appears that although the conversion of methanol to carbon 
dioxide is present in several NC10 phylum bacteria, the coupling of nitrite reduction to the 
oxidation of methane is a trait so far unique to the genus ‘Ca. Methylomirabilis’.
Keywords: Methylomirabilis, anaerobic methane oxidation, NC10, nitrite, methylotrophy
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Introduction
Methane (CH4) is an important fuel for households and industry, but also a potent greenhouse 
gas (Forster et al., 2007) with radiative forcing 25 to 30 times higher than carbon dioxide (CO2) 
on a 100-year scale (Denman et al., 2007). As a consequence of anthropogenic activity, the 
concentration of methane in the atmosphere has risen exponentially over the past 200 years 
(Myhre et al., 2013). Global warming is a worldwide concern and deepening our understanding 
of the sources and sinks of methane is essential to improve climate predictions and devise 
mitigation strategies. 
Approximately 20 to 30% of methane is produced via thermal decomposition of organic matter 
within the Earth’s crust, whereas the remaining 70 to 80% is biogenic and originates from 
natural ecosystems and anthropogenic activities (Conrad, 2009). This biogenic methane is 
mainly produced by methanogenic archaea during the decomposition of organic matter in 
anaerobic habitats (Thauer and Shima, 2008) and by aerobic marine microorganisms in the 
ocean that can cleave methylphosphonate (Karl et al., 2008; Metcalf et al., 2012). Before 
methane reaches the atmosphere, most of it (50-80 %) is oxidized by methanotrophs that use 
methane as electron donor and oxygen, nitrate, nitrite, metal-oxides or sulfate as electron 
acceptors (Conrad, 2009; Ettwig et al., 2016; Haroon et al., 2013; in ‘t Zandt et al., 2018; Knittel 
and Boetius, 2009; Raghoebarsing et al., 2006). Therefore, these microorganisms play key roles 
in the major global elements cycles. 
Aerobic methanotrophs belonging to the Alpha- and Gamma-proteobacteria and the 
Verrucomicrobia (Hanson and Hanson, 1996; Op den Camp et al., 2009) have been widely 
investigated. The first indications of methane oxidation in the absence of oxygen came from 
studies on sulfate-rich deep-sea sediments containing methane hydrates (Barnes and 
Goldberg, 1976; Whalen and Reeburgh, 1996). It was later shown that sulfate-dependent 
methane oxidation is conducted by consortia of methanotrophic archaea and sulfate-reducing 
Delta-proteobacteria, and by methanotrophic archaea on their own (Boetius et al., 2000; 
Knittel and Boetius, 2009; Milucka et al., 2012; Scheller et al., 2016). Nitrate and metal-oxide 
dependent methane oxidation can be conducted by ANME-2 methanotrophic archaea (Cai et 
al., 2018; Ettwig et al., 2016; Haroon et al., 2013; for recent reviews see Timmers et al., 2017; 
Welte et al., 2016). All methane-oxidizing archaea use the reverse methanogenesis pathway to 
convert CH4 to CO2. 
The only known organism that can couple methane oxidation to the reduction of nitrite to N2 
is ‘Candidatus Methylomirabilis oxyfera’ (Ettwig et al., 2010), the first cultured member of the 
NC10 phylum. Using molecular techniques representatives of the NC10 phylum were detected 
in diverse environments ranging from peatlands (Zhu et al., 2012), paddy soils (He et al., 2016) 
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 148
148
and wastewater treatment plants (Luesken et al., 2011b) to marine environments (He et al., 
2015) and deep stratified lakes (Graf et al., 2018). Phylogenetic analysis divided the 16S rRNA 
gene sequences obtained into four different clades with bona fide methane-oxidizing ‘Ca. M. 
oxyfera’ clustering in clade A (Ettwig et al., 2009) (Figure 1). In contrast to the methane-oxidizing 
archaea, ‘Ca. M. oxyfera’ uses the canonical aerobic methane oxidation pathway and employs 
all essential protein complexes found in aerobic methanotrophs. The oxygen needed for 
methane activation is hypothesized to be generated via a unique pathway (Ettwig et al., 2010). 
This microorganism first reduces nitrite to nitric oxide (NO), followed by the disproportionation 
of two molecules of NO to O2 and N2 (Ettwig et al., 2010, 2012). Subsequently, the produced O2 
is used for the activation of methane into methanol by methane monooxygenase. The second 
step in the canonical pathway of aerobic methane oxidation is the conversion of methanol to 
formaldehyde, catalyzed by either a calcium-dependent MxaFI-type or a lanthanide-dependent 
XoxF-type methanol dehydrogenase (MDH). Recently it was discovered that lanthanides are 
very important for expressing functional XoxF-type MDH (Pol et al., 2014; Vu et al., 2016). As the 
genome of ‘Ca. M. oxyfera’ contains both MxaFI and XoxF type MDH genes, an NC10 enrichment 
culture was supplemented with the lanthanide cerium to release a potential growth limitation. 
In addition, nitrate was omitted from the medium to decrease the abundance of the nitrate-
dependent ‘Ca. Methanoperedens sp.’, in the culture. 
After two years of operation in the presence of cerium and absence of nitrate, the metagenome 
of the enrichment culture was determined. Analysis of the 16S rRNA gene after assembly 
revealed that the community had shifted towards a new ‘Ca. Methylomirabilis’ species as 
the dominant organism. Here we describe the high-quality draft genome of this new NC10 
bacterium from the ‘Ca. Methylomirabilis’ genus, capable of performing nitrite-dependent 
anaerobic methane oxidation. Genome comparisons with a putative aerobic methanol-
oxidizing NC10 bacterium (CSP1-5) described recently (Hug et al., 2016), and the original 
‘Ca. Methylomirabilis’ genome (Ettwig et al., 2010) were made. CSP1-5 clusters within clade D 
of the NC10 phylum (Figure 1) and is used in this analysis as an outlier to delineate the genomic 
traits at a phylum and genus level.
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Materials and Methods
Enrichment culture
The enrichment culture was operated as a continuous sequencing batch reactor (Applikon 
Biotechnology B.V., nominal volume 6 L). The seed inoculum was obtained from an enrichment 
culture originally inoculated with ditch sediment from Ooijpolder (Ettwig et al., 2009, 2010). 
The enrichment culture and the medium were kept anoxic by continuous sparging with a gas 
mixture of methane and carbon dioxide (95:5 volume ratio) and a mixture of argon and carbon 
dioxide (95:5 volume ratio), respectively. The pH was maintained at 7.3 ± 0.1 (using KHCO3), 
temperature was kept at 30 °C. The volume of the enrichment was kept constant through a 
level sensor-controlled pump in sequential feed and rest cycles and stirred at a constant speed 
of 100 rpm during feed periods. The hydraulic retention time was 4 days.
The final composition of the medium supplied was: MgSO4 0.78 mM, CaCl2 1.96 mM, KH2PO4 
0.73 mM. The nitrite concentration of <100 µM was maintained in the reactor by adjusting the 
nitrite concentration in the influent medium, which ranged from 1 mM to 40 mM according 
to consumption rate of the enrichment culture. Nitrite and nitrate concentrations were 
determined by colorimetric strip measurements (Merck). 
The composition and concentrations of trace elements in the medium was adapted from the 
original trace element solution used in (Ettwig et al., 2010). Based on the discovery of the 
importance of lanthanides for methanotrophic bacteria (Pol et al., 2014) we included cerium 
as a trace element. The final trace element concentration in the medium was: ZnSO4 0.26µM, 
CoCl2 0.15µM, CuSO4  2.82 µM, NiCl2 0.24 µM, H3BO3 0.07 µM, MnCl2 0.30 µM, Na2WO4 0.05 µM, 
Na2MoO4 0.12 µM, SeO2 0.14 µM, CeCl2 0.12 µM, and FeSO4 5.4 µM.
The bioreactor was subject to a bleed of 0.5 L d-1 at the start of every cycle resulting in a solid 
retention time (SRT) of 20 days.
Trace element analysis
Concentrations of trace elements were determined by inductively coupled plasma-mass 
spectrometry (ICP-MS) with a quadrupole Xseries I spectrometer (Thermo Fisher Scientific), 
in a matrix of 1% HNO3. All standards were certified solutions: 109498 (multi element standard 
Merck), 111355 (certiPUR 23 element standard Merck), Tungsten single element standard 
(BDH® ARISTAR®), 119796 (Selenium standard solution Merck), 70227 (Molybdenum standard 
solution Merck) and 70311 (Cerium standard solution Merck). 
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DNA extraction, library preparation, and sequencing
DNA was extracted from the enrichment culture using an organic extraction (CTAB) protocol, 
the FastDNA SPIN kit (MP Biomedicals) and the Powersoil kit (MoBio Laboratories Inc.) as 
described previously (Speth et al., 2016). Approximately 100 ng of total DNA obtained for the 
three DNA extractions was used to generate a library for Ion Torrent sequencing, using the Ion 
XpressTM Plus Fragment Library Kit (Thermofisher Scientific, Waltham, USA). Shearing was 
performed using the Bioruptor (Diagenode, Seraing, Belgium) for six cycles (1 min on, 1 min 
off). Size selection for a 400bp library was performed using a 2% E-Gel®SizeSelectTM Agarose 
gel (Invitrogen, USA). The library was amplified for 8 cycles. DNA concentration and size were 
measured using a BioanalyserTM instrument and the Agilent High Sensitivity DNA kit (Agilent 
technologies Santa Clara, California.USA) After dilution to a final concentration of 26 pM, 
fragments were amplified to Ion Sphere particles using the Ion One TouchTM 2 Instrument and 
Ion PGM™ Template OT2 400 Kit (Thermofisher Scientific, Waltham, MA USA) according to the 
manufacturer’s instructions. After enrichment of the Template-Positive Ion Sphere Particles 
using the Ion One TouchTM ES, sequencing was done using the Ion PGM 400 Sequencing Kit 
according to the manufacturers’ instructions (Thermofisher Scientific, Waltham, MA USA).
Genome assembly, binning and error correction
The obtained sequencing reads were trimmed to remove low quality base-calls (end trimming 
with a quality limit of 0.05 and discarding reads <50bp), yielding 6,495,404 trimmed reads. The 
reads obtained from the three samples were co-assembled de novo (word size 35, bubble size 
5000, minimum size 1000 bp) using the CLC genomics workbench (v8.03, CLCbio). The assembly 
generated 14,373 contigs, ranging from 1,000 bp to 228,265 bp in length with an N50 of 2,403 
bp. The draft genome of the new ‘Ca. Methylomirabilis’ species was manually binned from the 
metagenome based on clustering of coverage depth and GC content. Metagenome binning was 
performed using R (https://www.r-project.org/) and custom scripts available at www.github.
com/dspeth. Errors characteristic of Ion Torrent sequencing, such as homopolymers (Bragg et 
al., 2013) were corrected manually using the CLC genomics workbench and scripts available 
at www.github.com/dspeth. Annotation was done with PROKKA (v1.10) (Seemann, 2014), using 
the previously published genome (Ettwig et al., 2010) as a primary annotation source. The 
quality of the genome was estimated using a single-copy marker gene analysis with CheckM 
(Parks et al., 2015). 
Comparative genome analysis
Protein BLAST (BLAST+ suite version 2.3.1) (Altschul et al., 1990) using default parameters was 
used to assess the conservation of proteins in the two ‘Ca. Methylomirabilis’ species and the 
NC10 genome CSP1-5. The BLASTp analysis resulted in paired comparisons of annotated 
genes and we focused on the proteins belonging to the core metabolic pathways (Table 2) and 
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described their degree of conservation based on global amino acid identity and conserved 
active site residues.
Fluorescence in situ hybridization
The medium fed to the stable enrichment culture was changed in 2014 by removing nitrate 
and increasing trace element concentrations (see above). In 2016, after approximately 2 years 
since the change in medium composition, a biomass sample of 1.5 mL was pelleted for 3 
min at 4000 G. The pellet was then washed twice with 1 ml phosphate-buffered saline (PBS: 
130 mM NaCl and 10 mM phosphate buffer pH 7.4). After 2 washing steps, the sample was 
pelleted, re-suspended in 300 µL of PBS and mixed with 900 µL 4% paraformaldehyde for 
fixation (1:3 ratio).  The fixation sample was kept mixing overnight at 10 RPM at a temperature 
of 4°C. Probes used were S-*-DBACT-1027-a-A-18 for ‘Ca. Methylomirabilis’ spp. and S-*-
AAA-FW-641 for ‘Ca. Methanoperedens’ spp. (Ettwig et al., 2016). Hybridization was performed 
as described previously (Ettwig et al., 2009) using 40% formamide. Images were captured with 
a Zeiss Axioplan 2 microscope equipped with a CCD camera, and processed with the Axiovision 
software package (Zeiss, Germany).
Phylogenetic analysis
All phylogenetic analyses for 16S rRNA genes and functional genes included in this work were 
performed using MEGA 6.0. Alignments of protein sequences were done with the MUSCLE 
algorithm (Edgar, 2004) and imported into the MEGA6 software and manually inspected and 
corrected (Tamura et al., 2013). Phylogenetic distance trees were calculated using different 
methods. The confidence of the phylogenetic tree was assessed by bootstrap analysis using 
1000 replicates.
The phylogenetic composition of the microbial community was examined by mapping all 
trimmed reads against the SILVA rRNA reference alignment (http://www.arb-silva.de, SSU NR 
99 release 128, Quast et al., 2012). The 16S sequences were uploaded to the SILVAngs pipeline 
to obtain a description of the microbial composition at different taxonomic levels (Yilmaz et al., 
2014).
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Results & Discussion
A continuous enrichment culture performing anaerobic methane oxidation coupled to nitrite 
reduction (Ettwig et al., 2009) was the start of this study. During six additional years of 
continuous operation, the enrichment culture maintained an average nitrite conversion rate 
of 6.3 µmol mg protein-1 day-1, which is close to the consumption rate observed for the original 
enrichment described by Ettwig et al. (2009) (7.0 µmol mg protein-1  day-1).  
The original enrichment was maintained with nitrate (1.5 mM, approximately 5 – 10% of 
influent nitrite concentration) in the medium, to prevent possible redox imbalance due to 
nitrite limitation. In 2014, the medium was revised and did no longer include nitrate in order 
to reduce the relative abundance of the archaeal methane oxidizers that rely on nitrate as 
electron acceptor. Excluding nitrate from the reactor system reduced the archaeal population 
from 10-15% to below the detection threshold of fluorescence in situ hybridization (FISH) 
analysis (data not shown). In addition to omitting nitrate, the medium was supplemented with 
cerium (0.12 µM CeCl2) to support the expression of active lanthanide-dependent methanol 
dehydrogenases (Pol et al., 2014), which were shown to be present in the genome of ‘Ca. M. 
oxyfera’ (Ettwig et al., 2010; Wu et al., 2015). In addition to the decrease in archaea, these 
changes resulted in a shift of the dominant ‘Ca. Methylomirabilis’ in the enrichment culture 
within two years after modifying the growth medium.
Genome analysis and comparison
From the metagenome, a high-quality draft genome belonging to the ‘Ca. Methylomirabilis’ 
genus was obtained (Table 1). This genome consisted of 90 contigs with an estimated 
completeness of 95.4% and contamination of less than 4.3%. The 16S rRNA gene sequence 
present in the assembled genome showed 97.5 % identity to both ‘Ca. M. oxyfera’ (Ettwig et 
al., 2010) and ‘Ca. M. sinica’ (He et al., 2016), and 96.3% to ‘Ca. M. limnetica’ (Graf et al., 
2018), and clustered within clade A of the NC10 phylum (Figure 1). Based on 16S rRNA gene 
identity and the average nucleotide identity (ANI = 82.3%) of the new genome compared to 
the ‘Ca. M. oxyfera’ genome (Ettwig et al., 2010) the enriched species can be considered as 
novel member of the ‘Ca. Methylomirabilis’ genus. For this organism we propose the name 
‘Ca. Methylomirabilis lanthanidiphila’ (lanthanidum lanthanide phile having an affinity for). 
‘Ca. M. lanthanidiphila’ could have been present in the initial enrichment cultures, but most 
likely only in very small amounts. The addition of cerium in the growth medium is most likely 
the controlling factor for its appearance. Alternatively, Gambelli et al. (2016) described a 
bacteriophage infection of ‘Ca. Methylomirabilis sp.’ cultivated in a different bioreactor system, 
which was speculated to contribute to shaping the microbial community without affecting 
nitrite-dependent methane oxidation rates of the reactor. However, a viral infection was 
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not observed in this reactor system and thus seems to be an unlikely cause for the present 
dominance of the novel ‘Ca. Methylomirabilis’ species. 
Table 1 | General properties of the three NC10 phylum genomes.
Genome size  
(Mb)
Number of contigs GC content
(%)
Completeness  
%)
Contamination 
 (%)
‘Ca. M. oxyfera’ 2.75 1 58.58 96.26 2.59
‘Ca. M. 
lanthanidiphila’
3.05 90 59.87 95.44 4.27
CSP1-5 2.8 40 62.39 97.41 8.05
To establish the metabolic potential of ‘Ca. M. lanthanidiphila’ and to determine the degree of 
amino acid identity of key catabolic enzymes to ‘Ca. M. oxyfera’ we performed a comparative 
genome analysis (Table 2). In this analysis the genome of CSP1-5, a representative of clade 
D within the NC10 phylum was also included. The CSP1-5 genome was recently described 
suggesting that this microorganism could be a potential aerobic methylotroph incapable of 
oxidizing methane (Hug et al., 2016). 
Table 2 | Proteins potentially involved in the dissimilatory nitrogen and carbon reactions identified in the 
three NC10 phylum genomes.
Reaction ‘Ca. M. oxyfera’ ‘Ca. M. lanthanidiphila’ CSP1-5
Nitrate reduction Nar/Nxr (1)*, Nap(1) Nar/Nxr (2)*, Nap(1) Nar(2)*
Nitrite reduction Nir(1) Nir(1) -
Nitric oxide dismutation NOD(2) NOD(2) -
Nitric oxide reduction qNor(1), sNor(1), gNor(1) qNor(1), sNor(1), gNor(1) -
Oxygen reduction Cco(1) Cco(1) Cco(2)
Nitrous oxide reduction - - -
Hydroxylamine oxidation Hao(1) Hao(1) -
Methane oxidation pMMO(1) pMMO(1) -
Methanol oxidation Mxa(1), Xox(2) Xox(1) Xox(1)
Formaldehyde oxidation H4F(1), H4MPT(1) H4F(1), H4MPT(1) H4F(1), H4MPT(1)
Formate oxidation Fdh(3) Fdh(2) Fdh(2)
Carbon fixation CBB(1) CBB(1) CBB(1)
# indicates the number of proteins found in the specific species. *Nar/Nxr can either perform nitrate 
reduction or nitrite oxidation.
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Microbial community analysis
DNA was extracted and sequenced yielding a high coverage metagenome of the enrichment 
culture. All reads matching the 16S rRNA gene were extracted and analyzed in the SILVAngs 
pipeline 1.3. Out of 2,489 total sequences, 2,416 were successfully classified into 746 OTUs 
(operational taxonomic unit), 99% of which were bacterial (Figure 2). Out of the 2,398 bacterial 
16S rRNA gene reads, 1,613 sequences (67.3%) mapped to the NC10 phylum, all belonging 
to genus ‘Ca. Methylomirabilis’. This reads could be assembled to a unique 16S rRNA gene 
different from known ‘Ca. Methylomirabilis’ spp. (see also below). Proteobacteria and Chloroflexi 
constituted 10.8% and 8.4% of bacterial 16S rRNA gene reads, respectively. The remaining 13.5 
% of bacterial 16S rRNA gene reads belonged to 20 different phyla. In accordance with the 
absence of general archaeal and specific ‘Ca. Methanoperedens’ signals in FISH analysis (data 
not shown), only a single 16S rRNA read was classified as archaeal and mapped to the genus 
‘Ca. Methanoperedens’.
Figure 1 | Phylogenetic tree of the 16S rRNA gene sequences of representatives of the NC10 phylum. 
The evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with the sum 
of branch length = 0.52876954 is shown. The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (500 replicates) are shown next to the branches. The tree is drawn 
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
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phylogenetic tree. The evolutionary distances were computed using the Jukes-Cantor method and are 
in the units of the number of base substitutions per site. The analysis involved 24 nucleotide sequences. 
All ambiguous positions were removed for each sequence pair. There were a total of 1573 positions in the 
final dataset. Moorella thermoacetica was used as outgroup. *The 16S rRNA gene of CSP1-5 is present on 
contig LDXR01000002 at position 245454-247004.
Figure 2 | Relative distribution and classification of all 16S rRNA reads from the metagenome of a nitrite-
dependent methane oxidizing enrichment culture. 2,416 sequences were successfully classified into 746 
OTUs (operational taxonomical unit) using the SILVAngs pipeline v128.
Conversion of nitrogenous compounds 
Although oxidation of methane coupled to nitrate reduction was not observed for ‘Ca. M. oxyfera’ 
(Ettwig et al., 2008), two gene clusters encoding both the membrane-bound (NarGHI; 
Damo_0774-0779) and periplasmic (NapAB; Damo_2410-11) nitrate reductases were encoded 
in its genome. NapAB was also detected in the proteome while the nar gene products were not 
(Ettwig et al., 2010). Both gene clusters were also present in the ‘Ca. M. lanthanidiphila’ genome 
(NarGHI: mela_02380-02385; 70 - 92% identity, NapAB: mela_582-583; 77 and 89% identity) 
and surprisingly an additional copy of the nar operon was also found (mela_00628-00631; 24 - 
31% identity). Two nar operons were present in the CSP1-5 genome (XU15_C0015C00G0010-13 
& XU15_C0015G0014-18), but NapAB was not detected. Conversely, the recently described ‘Ca. 
M. limnetica’ (Graf et al., 2018) encodes NapAB, but lacks a nar operon. 
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While the canonical Nar-type nitrate reductases (NarGHI) are involved in dissimilatory 
nitrate reduction, the related nitrite oxidoreductases (NxrABC) from aerobic nitrite-oxidizing 
bacteria and anaerobic ammonium-oxidizing bacteria (anammox) perform nitrite oxidation to 
nitrate. Phylogenetic analysis of the catalytic NarG/NxrA subunits present in ‘Ca. M. oxyfera’, 
‘Ca. M. lanthanidiphila’ and CSP1-5 revealed an interesting result (Figure S1). The catalytic 
subunits of the two highly similar membrane-bound nitrate reductases identified in the ‘Ca. 
M. oxyfera’ genome (Damo_0778) and the new ‘Ca. M. lanthanidiphila’ genome (mela_02381) 
cluster with NxrA subunits from Nitrobacter/Nitrococcus species and might thus be able to 
catalyze nitrite oxidation. The additional NarG found in ‘Ca. M. lanthanidiphila’ (mela_00628) 
and one of the two present in CSP1-5 (XU15_C0015C00G0013) grouped with NarG subunits of 
denitrifiers, indicating that these proteins could be involved in nitrate reduction to nitrite. The 
NarG/NxrA subunit of the second Nar system identified in CSP1-5 (XU15_C0015C00G0018) 
clusters with NxrA from nitrite-oxidizing Nitrospina, Nitrospira and anammox species and 
its likely function is the oxidation of nitrite to nitrate. However, there is no experimental 
evidence to support the function of these enzymes neither as nitrate reductase nor as nitrite 
oxidoreductase, and thus future studies should address their respective metabolic roles. 
The gene encoding the periplasmic nitrate reductase NapAB was conserved between both 
‘Ca. Methylomirabilis’ species and was part of a larger gene cluster in which the cytochrome 
cd1 nitrite reductase (NirS), which reduces nitrite to NO, and the genes required for heme 
d biosynthesis were encoded (Damo_2408-2415; mela_00580-586). The genes encoding NirS 
in both ‘Ca. Methylomirabilis’ species were highly similar to each other (97%). The CSP1-
5 genome lacked the napAB and nirS, but encoded for a multi-copper oxidase previously 
described as nirK-type nitrite reductase (Hug et al., 2016; XU15_C0012C00G0090). However, 
BlastP analysis showed that this gene encodes a protein more likely related to laccase-like 
multi-copper oxidases known to catalyze the oxygen-dependent degradation of a variety of 
organic substrates. In addition, a conserved aspartate residue essential for nitrite reduction 
was absent in the amino acid sequence of this protein (Boulanger et al., 2000). No other genes 
involved in nitrite reduction were identified in CSP1-5, limiting its involvement in nitrogen 
cycling to the interconversion of nitrate and nitrite. 
In ‘Ca. M. oxyfera’ two molecules of NO, formed by the NirS nitrite reductase, are proposed 
to be dismutated into N2 and O2 by a putative NO dismutase (NOD) (Ettwig et al., 2010). 
Two candidates for this novel enzyme were identified in the ‘Ca. M. oxyfera’ genome, NOD1 
(damo_02434) and NOD2 (damo_02437). These were homologous to the quinol-dependent NO 
reductases (qNOR) but displaying amino acid changes at positions proposed to be essential for 
NO disproportionation (Ettwig et al., 2012; Reimann et al., 2015). Similar to ‘Ca. M. limnetica’ 
both putative NODs were conserved in ‘Ca. M. lanthanidiphila’ (mela_02433 and mela_02434; 
95% and 96% identity, respectively) including all the relevant amino acid changes. The 
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conservation of these enzymes underlines their importance in the metabolism. However, the 
characterization of a NOD enzyme remains to be achieved to prove experimentally that nitric 
oxide disproportionation is indeed catalyzed by this enzyme.  
Besides the two putative NODs, three NO reductases were encoded in the genomes of both 
‘Ca. M. oxyfera’ and ‘Ca. M. lanthanidiphila’, a canonical qNOR (damo_1889, mela_0936; 
89% identity), a gNOR (Damo_1118-1119, mela_2627-2626; 90% and 76% identity) and a 
sNOR (Damo_0801-0802, mela_2378-2377; 87% and 82% identity) (Hemp and Gennis, 2008; 
Reimann et al., 2015). ‘Ca. M. limnetica’ only possesses the qNOR. Because the product of 
all three NO reductases, N2O, was only measured in low amounts (Ettwig et al., 2010) and 
no N2O reductase could be identified in the genome of either ‘Ca. Methylomirabilis’ species, 
it remains to be shown what the physiological roles of these three enzymes are. They might 
enable the organism to quickly respond to nitrosative stress and prevent the build-up of toxic 
NO concentrations (Reimann et al., 2015). 
Aside from NO production from nitrite by NirS, an additional source of NO in ‘Ca. M. oxyfera’ 
is hydroxylamine oxidation. Already at micromolar concentrations ammonia is oxidized by 
methane monooxygenases (MMO) as a side reaction, producing hydroxylamine (Mohammadi 
et al., 2017; Nyerges and Stein, 2009; Stein et al., 2012; Stein and Klotz, 2011). While it is 
unknown whether methanotrophs are able to conserve energy for growth from the oxidation of 
hydroxylamine, several do harbor the gene for hydroxylamine oxidoreductase (HAO) (Bergmann 
et al., 2005; Campbell et al., 2011; Mohammadi et al., 2017; Poret-Peterson et al., 2008). HAOs 
perform the three electron oxidation of hydroxylamine to nitric oxide in both aerobic and 
anaerobic ammonia oxidizers (Caranto and Lancaster, 2017; Hooper and Terry, 1979; Kostera 
et al., 2010; Maalcke et al., 2014). Both ‘Ca. M. oxyfera’ and ‘Ca. M. lanthanidiphila’ encoded 
for a HAO-like protein (Damo_2473 & mela_03059; 88% identity), and were thus equipped to 
oxidize hydroxylamine. Strikingly the HAO-like protein was absent in the ‘Ca. M. limnetica’ 
metagenome bin (Graf et al., 2018). In line with the absence of methane monooxygenase in 
CSP1-5 no HAO homolog was found in its genome. 
Although the two cultured ‘Ca. Methylomirabilis’ species are obligate anaerobes both 
genomes encode for the mitochondrial-like aa3-type cytochrome c oxidase (Damo1162-1666, 
mela_00197-200; 80-90% identity), which could potentially respire part of the oxygen produced 
by NO dismutation (Wu et al., 2011). Since CSP1-5 is an aerobic organism, it encodes for an 
A1- (XU15_C0015G0022-23) and an A2- (XU15_C0015G0039-42) type cytochrome c oxidase. 
Methane and methanol conversion
In ‘Ca. M. oxyfera’ methane is converted to methanol by a particulate methane monooxygenase 
(pMMO). Sequence comparison of the pmoA (Damo_2450), pmoB (Damo_2448) and pmoC 
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(Damo_2451) genes, encoding the different subunits of this enzyme with other known pmo 
genes, showed that the ‘Ca. M. oxyfera’ genes form a distinct phylogenetic group (Ettwig et 
al., 2010). Nevertheless, all secondary structure elements and amino acids involved in metal 
binding are conserved in pmoA, pmoB and pmoC of ‘Ca. M. oxyfera’ (Reimann et al., 2015). The 
‘Ca. M. lanthanidiphila’ and ‘Ca. M. limnetica’ genomes also encoded for one pMMO (pmoA, 
mela_02442, pmoB, mela_02441, pmoC, mela_03065) and lacked genes encoding soluble 
methane monooxygenase (sMMO). All three pMMO subunits had high sequence identity at 
the amino acid level to the pmo genes of ‘Ca. M. oxyfera’ (pmoA, 94% identity; pmoB, 95% 
identity; pmoC, 92% identity). The CSP1-5 genome lacked all genes required for the conversion 
of methane to methanol by either sMMO or pMMO (Hug et al., 2016). 
In ‘Ca. M. oxyfera’ methanol is oxidized through a periplasmic pyrroloquinoline quinone (PQQ) 
containing MDH (Wu et al., 2015). The genome of ‘Ca. M. oxyfera’ harbors three different MDHs 
in one large gene cluster, but lacks the genes required for PQQ biosynthesis (Wu et al., 2015). 
Damo_0112-122 encodes for the canonical MxaFI methanol dehydrogenase with its accessory 
proteins. This enzyme carries calcium as an essential cofactor, which together with PQQ forms 
the active site. The other two MDH enzymes are XoxF-type and belong to the XoxF1 (Damo_0124) 
and XoxF2 (Damo_0134) clusters, respectively (Keltjens et al., 2014). XoxF-type MDHs were 
recently shown to bind lanthanides as a metal cofactor instead of calcium (Keltjens et al., 
2014; Pol et al., 2014). Strikingly, the MDH from ‘Ca. M. oxyfera’ was purified as a heterodimer 
consisting of the XoxF1 large (Damo_0124) and the MxaI small subunit (Damo_0115) (Wu et al., 
2015). It is not known whether this MDH incorporates a lanthanide or calcium is incorporated 
instead, potentially assisted by the small subunit MxaI. ‘Ca. M. lanthanidiphila’ lacked the 
redundancy in MDHs seen in ‘Ca. M. oxyfera’ and encoded for only a single XoxF-type MDH 
operon (mela_00914-16), with the catalytic subunit showing highest identity to the XoxF2 of ‘Ca. 
M. oxyfera’ (Damo_0134; 83% identity). In ‘Ca. M. lanthanidiphila’ the cluster encoding for the 
calcium-dependent MDH was absent, including the MxaI small subunit. This suggested that 
‘Ca. M. lanthanidiphila’ utilized a lanthanide-dependent homodimeric XoxF2-type MDH and did 
not employ the XoxF-MxaI heterodimer as observed in ‘Ca. M. oxyfera’. The genome of ‘Ca. M. 
limnetica’ also possesses only a single copy of the lanthanide-dependent xoxF-type MDH (Graf 
et al., 2018). As a consequence ‘Ca. M. lanthanidiphila’ and ‘Ca. M. limnetica’ are most likely 
dependent on lanthanides to produce an active MDH. 
The CSP1-5 genome also encodes for a single MDH (XU15_C00376-379), most similar to the 
XoxF2 from ‘Ca. M. oxyfera’ (Damo_0134; 71% identity). For the coordination of a rare-earth 
element in the active site of the XoxF-MDH a specific aspartate residue was shown to act as 
crucial ligand (Pol et al., 2014), which is conserved in all identified XoxF sequences (Keltjens 
et al., 2014). In both the XoxF of ‘Ca. M lanthanidiphila’ and the XoxF of CSP1-5 this aspartate 
was conserved and was located two positions downstream of the catalytic aspartate. XoxF-
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MDH is capable of not only oxidizing methanol to formaldehyde, but was also shown to oxidize 
formaldehyde to formate, thereby circumventing dedicated formaldehyde oxidation systems 
and preventing the use of formaldehyde for biosynthetic purposes (Pol et al., 2014).
Aside from the abovementioned capability of XoxF-MDHs to oxidize methanol completely 
to formate, there are two additional formaldehyde oxidation pathways available to ‘Ca. 
M. oxyfera’, a highly expressed tetrahydromethanopterin (H4MPT) (Damo_0454-73) and a less 
expressed tetrahydrofolate-dependent pathway (H4F) (Damo_1852) (Ettwig et al., 2010). ‘Ca. M. 
limnetica’ also possesses both systems. These systems are thought to be active to maintain 
an optimal balance between catabolism and anabolism of carbon compounds (Chistoserdova, 
2011; Reimann et al., 2015). All genes of the two formaldehyde-oxidizing systems were 
conserved between ‘Ca. M. oxyfera’ and ‘Ca. M. lanthanidiphila’ (H4MPT: mela_2741-2760, H4F: 
mela_00607) as well as in CSP1-5 (H4MPT: XU15_C0002G0327-337, H4F: XU15_C0002G0238) 
indicating that this combination of pathways was not only employed by ‘Ca.  Methylomirabilis’ 
species but encompasses more members of the NC10 phylum.
‘Ca. M. oxyfera’ has three formyl/formate oxidation systems. The first and highest transcribed 
system (Damo0456-60) was part of the tetrahydromethanopterin-dependent formaldehyde 
oxidation system mentioned above (Reimann et al., 2015). As seen for the whole gene cluster 
encoding proteins involved in formaldehyde oxidation, this formate/formyl oxidation system was 
also present in ‘Ca. M. limnetica’, ‘Ca. M. lanthanidiphila’ and CSP1-5 (mela_2743-47, XU15_
C0002G0330-34). ‘Ca. M. oxyfera’ further encoded two minor expressed NAD(P)+-dependent 
formate dehydrogenases (damo_1134-1138 & damo_0853-54). The ‘Ca. M. lanthanidiphila’ and 
‘Ca. M. limnetica’ genomes only encoded for one additional formate dehydrogenase system 
(mela_1503-04; Graf et al., 2018), which most closely resembled Damo_0853-0854. Similarly, 
CSP1-5 also harbored one additional formate dehydrogenase (XU15_C0003G0115-16) also 
most closely resembling Damo0853-54. Thus, all four organisms had the capability to oxidize 
formate and couple it to the reduction of NAD(P)+, thereby providing the cells with extra 
reducing equivalents.
Carbon fixation
The genome of ‘Ca. M. oxyfera’ encoded for incomplete C1 assimilation pathways since 
key genes in the RuMP and serine pathway were absent. Previous genome analysis 
revealed that ‘Ca. M. oxyfera’ harbors all genes of the Calvin-Benson-Bassham (CBB) cycle 
and activity measurements showed the cycle to be operative (Rasigraf et al., 2014). The 
‘Ca. M. lanthanidiphila’, ‘Ca. M. limnetica’ and CSP1-5 genomes contain all genes of the CBB-
cycle with genes of the RuMP and serine pathways being absent. The presence of all genes 
from the CBB pathway for carbon fixation in all four organisms, suggests that the CBB is a 
conserved feature within the NC10 phylum. 
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In summary, ‘Ca. Methylomirabilis’ species are the only organisms known to couple nitrite 
reduction to methane oxidation, and the availability of a second and third genome (this 
article and Graf et al., 2018) added valuable information on the genetic potential and will 
help to elucidate their basic biochemistry. It appeared that the amendment of micromolar 
concentrations of the rare-earth metal cerium to the continuous enrichment culture, 
in combination with the complete removal of nitrate, might have led to a shift from ‘Ca. 
M. oxyfera’ to ‘Ca. M. lanthanidiphila’. Whether ‘Ca. M. lanthanidiphila’ was present in the 
original culture, but not detected in the previous genomic analysis due to low abundance, 
remains unanswered. Although the inclusion of cerium and the removal of nitrate were the 
only identifiable differences in the medium between the culturing conditions of the original 
‘Ca. M. oxyfera’ and the current enrichment it is difficult to link it to the observed shift to 
‘Ca. M. lanthanidiphila’. The presence of a lanthanide-dependent XoxF-type MDH as the sole 
methanol-oxidizing enzyme in ‘Ca. M. lanthanidiphila’, CSP1-5, and in the recently described 
‘Ca. M. limnetica’ signified the importance of rare earth elements for methylotrophic bacteria 
of the NC10 phylum and several other phyla (see Keltjens et al., 2014). 
Based on the conservation of genes for core nitrogen- and carbon-converting pathways 
between the two ‘Ca. Methylomirabilis’ species, and in comparison, to the CSP1-5 genome we 
observed that CSP1-5 could act as an aerobic methylotroph and has the ability to use nitrate 
(reduction to nitrite) or sulfate (reduction to sulfite) as alternative electron acceptors (Hug et 
al., 2016).  It appears that the recently discovered intra-aerobic pathway of methane oxidation 
coupled to nitrite reduction to N2 is so far unique to the ‘Ca. Methylomirabilis’ genus. 
Description of ‘Candidatus Methylomirabilis lanthanidiphila’ 
Etymology.  ‘Candidatus Methylomirabilis lanthanidiphila’ (lan.tha.ni.di’phi.la. N.L. neut. n. 
lanthanidum lanthanide; N.L. fem. adj. phila (from Gr. fem. adj. phile) loving; N.L. fem. adj. 
lanthanidiphila loving lanthanides, referring to the need of rare earth elements for an active 
XoxF-type methanol dehydrogenase).  The genus name described before (Ettwig et al., 2010) 
alludes to the substrate methane, which is oxidized by a combination of pathways, involving 
oxygen as an intermediate. 
Locality. Enriched from freshwater sediments of a ditch in the Ooijpolder, The Netherlands.
Properties. Methane-oxidizing and nitrite-reducing bacterium of the candidate division NC10, 
characterized by phylogenomic analysis of a binned metagenome assembly. The assembled 
annotated draft genome, which represents the type material, has been deposited under 
European Nucleotide Archive accession code ERZ663421. Grows anaerobically but possesses 
an oxygen-dependent pathway for the oxidation of methane. Reduces nitrite to dinitrogen gas 
without a nitrous oxide reductase. Gram-negative rod with a diameter of 0.25–0.5 µm and a 
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length of 0.8–1.1 µm. Mesophilic with regard to temperature and pH (enriched at 25-30 °C and 
pH 7 to 8). Slow growth with an estimated doubling time of 1 to 2 weeks.
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Integration 
Methane emissions and the discharge of nitrogenous compounds (e.g. ammonium and nitrate) 
to the environment represent one of the biggest challenges concerning water pollution and 
climate change.  Methane is a very potent greenhouse gas, and the increased nitrogen load 
in aquatic ecosystems not only contributes to the eutrophication of recipient waterbodies, but 
also their conversion by microorganisms result in the emission of nitrous oxide (N2O), also a 
greenhouse gas. Both methane and nitrogenous compounds co-occur in the environment, for 
example in agricultural ditches, rice paddy fields, and wastewater treatment plants.
Several clades of microorganisms interlink the turnover of methane, ammonium and nitrate. 
The research presented in this thesis covered several aspects of the ecophysiology of nitrate- 
and nitrite-dependent methane oxidation (nitrite- and nitrate-AOM). The microorganisms 
responsible for this process were successfully enriched in 2006, and since then the field of 
methanotrophy advanced significantly (Raghoebarsing et al., 2006). After this initial enrichment, 
the responsible microorganisms were identified as ‘Ca. Methylomirabilis oxyfera’ bacteria from 
the NC10 phylum (Ettwig et al., 2010) and ‘Ca. Methanoperedens nitroreducens’ archaea from 
the ANME-2d clade (Haroon et al., 2013). Twelve years have gone by, and 10 PhD candidates 
have completed their work in our laboratory on the fascinating yet complex ecology, physiology, 
biochemistry, genomics and cultivation of Methanoperedens archaea and Methylomirabilis 
bacteria. 
Bacteria from the ‘Ca. Methylomirabilis’ genus couple the oxidation of methane to the reduction 
of nitrite to dinitrogen gas. Archaea from the ‘Ca. Methanoperedens’ fall within the ANME-2d 
cluster and couple the oxidation of methane to the reduction of nitrate via nitrite to ammonia 
(Haroon et al., 2013, Arshad et al., 2015, Ettwig et al., 2016, Gambelli et al., 2018). These 
organisms have been reported in a wide variety of aquatic and terrestrial ecosystems and 
have been successfully enriched predominantly from sediments obtained from agricultural 
environments, paddy soil from rice fields or wastewater treatment sludge. Methylomirabilis 
bacteria differ from the Methanoperedens archaea regarding the mechanisms with which 
they oxidize methane. Methylomirabilis bacteria, are anaerobic microorganisms with an intra-
aerobic methane oxidizing pathway (Ettwig et al., 2010), thus the oxidation of methane occurs 
via the catalytic action of pMMO just as in aerobic methanotrophs, whereas Methanoperedens 
archaea use the reverse methanogenesis pathway. Both microorganisms have been described 
and enriched from similar environments, and most cultures feed with nitrate result in co-
enrichments of both the bacteria and archaea (Raghoebarsing et al., 2006, Hu et al., 2011, 
Vaksmaa et al., 2017). 
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The combination of several factors has allowed the development of a concept for the 
application of the nitrate- and nitrite-dependent AOM in wastewater treatment. To list a few, 
Methylomirabilis bacteria can co-exist with anammox bacteria in enrichment cultures, where 
the simultaneous removal of methane and ammonium occur (Luesken et al., 2011c). Methane 
is an inexpensive electron donor for denitrification that is produced in situ in wastewater 
treatment plants (WWTP), specifically in anaerobic digestion systems. Still, because nitrite 
is transient in wastewater, the application of these microorganisms would require in situ 
production of nitrite, similar to the application of nitrite-dependent anaerobic ammonium-
oxidizing (anammox) bacteria. In current applications of the anammox process for ammonium 
removal, such as the partial nitritation-anammox (PN/A), the nitrite needed for anammox 
bacteria comes from the partial oxidation of ammonia performed by aerobic ammonia-
oxidizing bacteria (AOB) (Kartal et al., 2010). In a system where, anaerobic methane oxidation 
could be applied, partial nitritation is needed and thus an inherent exposure to oxygen, as 
well as many intricate microbial interactions are bound to occur. Several aspects regarding 
the ecophysiology of nitrate- and nitrite-dependent methane oxidizers are still missing from 
literature. For example, the doubling times and the yields of bth microorganisms are unknown, 
whereas affinities for nitrite, and methane are only estimated for Methylomirabilis bacteria 
and no information is available for Methanoperedens archaea regarding their affinity for nitrate 
and methane. Furthermore, most enrichments consist of consortia of both microorganisms. 
Therefore, this thesis has addressed several of these aspects and in this chapter, they will 
be discussed further in the following manner: microbial ecology of both nitrite- and nitrate-
AOM microorganisms, followed by physiological aspects for individual processes, ending with 
genomics of a new species of Methylomirabilis.
Nitrate-AOM and nitrite-AOM are tightly linked processes.
First, this thesis addressed the link between the microbial ecology of Methanoperedens 
archaea and Methylomirabilis bacteria in enrichment cultures.
Chapter 2 of this thesis describes the co-enrichment of both nitrate- and nitrite-dependent 
methane oxidizers. In a system fed with methane and nitrate as sole electron donor and 
acceptor, respectively; nitrate-AOM performed by Methanoperedens archaea, sustained the 
nitrite-AOM performed by Methylomirabilis bacteria. Nitrite as intermediate product from the 
archaeal reduction of nitrate, functions as a link for both anaerobic methane oxidizers relying on 
methane as common energy and electron source. The production of nitrite as intermediate was 
first observed in batch systems, where a transient and intermittent production of nitrite was 
observed upon pulse shots of nitrate as sole electron acceptor (Ettwig et al., 2016). Additionally, 
in the same experiments ammonium accumulation was observed in subsequent pulses of 
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nitrate.  (Ettwig et al., 2016). The consumption of nitrate was explained as the metabolism 
of Methanoperedens archaea and the production of labelled carbon dioxide (Haroon et 
al. 2013; Ettwig et al., 2016). In this culture the consumption of nitrite coupled to methane 
oxidation was performed by the Methylomirabilis bacteria present (Ettwig et al., 2016). The 
production of ammonia was thought to be attributed to Methanoperedens archaea, which 
encodes the necessary genes for the dissimilatory reduction of nitrate to ammonia (DNRA) 
(Arshad et al., 2015, Ettwig et al., 2016). Under batch conditions, macro and micro nutrients 
are subject to a cycle of feast and famine, and the steady production of ammonia could also 
have been attributed to biomass decay. In this chapter, in a continuous membrane sequencing 
batch reactor (mSBR), with an HRT of 4 days we observed a relatively stable and continuous 
production of ammonium, which accounted in average for 10 % of the nitrate supply after an 
adaptation period of 50 days. Under continuous cultivation and constant medium supply, most 
decay products would be washed out and subsequently result in a decreasing trend on the 
ammonium concentrations in the reactor if ammonia production was dependent on biomass 
decay, however our work suggest that the production of ammonia was sustained and depended 
on the nitrate supply. The remaining 90% of the supplied nitrate was converted to N2 through 
the concerted activity of Methanoperedens archaea and Methylomirabilis bacteria. The ability 
of Methylomirabilis bacteria to consume the nitrite produced by Methanoperedens archaea, 
suggests that Methylomirabilis bacteria have a better affinity for nitrite, and this could be a 
defining factor in the interactions of nitrate- and nitrite-dependent methane oxidizers.
Besides nitrite as a common substrate for nitrite-AOM performed by Methylomirabilis 
bacteria, methane serves as electron donor for both microorganisms. In synthetic enrichment 
cultures where anammox bacteria are added to a pre-existing culture of both nitrate- and 
nitrite-methane oxidizers, anammox bacteria and Methanoperedens archaea thrive while 
Methylomirabilis bacteria are washed out from the system, which suggests that anammox 
bacteria are better scavengers of nitrite (Luesken et al., 2011; Stultiens et al., unpublished work). 
Similarly, the out competition of Methylomirabilis bacteria in mixed cultures, by anammox or 
denitrifying sulfur-oxidizing bacteria, has been reported (Arshad et al., 2017). Currently, there 
is no experimental data on methane affinity from nitrate-AOM archaea, however, archaea from 
the ANME groups are known to have low affinity for methane. With estimates in the order of 
milimolar concentrations. Their low affinity is seemingly compensated by the high abundance 
of the mcrA protein inferred from several transcriptomic analyses (Nauhaus et al., 2002; 
Meulepas et al., 2009; Timmers et al., 2017).
Aerobic methanotrophs have different physiological properties, however their affinity for 
methane is in the low range of the micromolar concentrations, which is 3 orders of magnitude 
lower than those concentrations reported for the reverse methanogenic enzyme mcrA from 
Methanoperedens archaea (Timmers et al., 2017). Kinetic aspects for Methylomirabilis bacteria 
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are discussed in Chapter 4. Regarding the morphology of the co-culture described in Chapter 
2, the microbial community consisted on dense granular aggregates where Methanoperedens 
archaea formed typical clusters characteristics of sarcina-like growth and were surrounded by 
Methylomirabilis bacteria. This proximity within the aggregate structure, is likely the cause for 
the close metabolic dependency where Methylomirabilis bacteria take the nitrite produced by 
Methanoperedens archaea to perform the anaerobic oxidation of methane. It is observed that 
under nitrate excess, there is an initial nitrite accumulation that slows the methane oxidation 
rates of the culture, thus it is likely that the toxic nitrite needs to be consumed first by the 
action performed by Methylomirabilis bacteria in their own metabolism which serves as a 
favorable detoxification for Methanoperedens archaea. In the culture described in Chapter 2, 
both dominant microorganisms coexisted in comparable proportions (40% of Methanoperedens 
archaea and 50% of Methylomirabilis bacteria). 
Nitrate-AOM in rice paddy fields
Chapter 3 describes a new enrichment obtained from a paddy field sample as inoculum. 
Paddy fields are manmade ecosystems that are very important as methane sources, where 
the emissions of methane from anoxic sediments increase parallel to the expansion of rice 
agriculture needed for an ever-growing world population (Bodelier, 2011). The coexistence 
of nitrogen in the form of fertilizers and the production of methane, enabled by the flooding 
conditions of rice cultivation, create a niche where microorganisms that oxidize methane 
coupled to nitrite and/or nitrate reduction can thrive. 
In this chapter, in a laboratory scale bioreactor we were able to quantify that Methanoperedens 
accounted for 46% of the nitrate reduction potential compared to canonical denitrifying bacteria. 
Thus, in environments where nitrogen deposition is significantly increased, their role in removing 
nitrogenous pollutants while decreasing methane emissions from anoxic sediments could be 
more relevant than previously thought. Paddy fields however, are a complex niche where the 
combination of deep roots, and periods of flood and drought inherent to the cultivation cycle 
of rice, originate a fluctuation of oxic and anoxic conditions (Kuypers et al., 2018). Despite the 
development of seasonal oxic conditions, methanogenic and methanotrophic microorganisms 
thrive under such conditions (Erkel et al., 2006; Vaksmaa et al., 2016). The response to oxygen 
exposure from Methanoperedens is discussed in further sections.
Chapters 2 and 3, focused on the close interaction between nitrate- and nitrite-AOM 
microorganisms. In the absence of externally supplied ammonia, Methanoperedens archaea 
clearly sustain nitrite-AOM where Methylomirabilis bacteria occur as the characteristic 
bacterial partner. Other minorities of bacteria sit usually within the core of the granular unit 
together with Methanoperedens archaea, however the diversity and function of these minor 
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populations is too complex to accurately identify specific species. The most recurring phyla 
are: Proteobacteria, Chloroflexi, Bacteroidetes, Firmicutes, Plactomycetes. In any case, these 
granular structures are made possible by a characteristic matrix of EPS that ensures the 
microbial communities co-exist in granular units. 
It is well known that granular growth offers significant advantages for applications in 
wastewater treatment (Winkler et al., 2011). These structures allow a compartmentalization of 
the microbial communities, where anaerobic processes are located at the core of the granule. 
In granular biomass from oxygen limited systems, aerobic communities grown on external 
layers of the agglomerates and perform aerobic processes, such as the oxidation of ammonia 
to nitrite in partial nitritation-anammox systems (PN/A) (Speth et al., 2016). It is likely, that 
the feature of granular growth of nitrate- and nitrite-AOM could offer similar advantages to 
their incorporation with existing technologies that rely on granular growth (Winkler et al., 
2011). In principle, aerobic microorganisms could form the outer layer, making it possible for 
oxygen limited systems to be successfully applied, where the nitrate- or nitrite-AOM process 
can be performed in the core of the granule while aerobic processes take place in outer 
layers. Mathematical models have suggested that if a combination with anammox bacteria 
occurs in a granular configuration, Methylomirabilis bacteria will be located in the core of the 
granule, whereas anammox will grow in an outer layer (Winkler et al., 2015). Based on model 
propositions and practical examples, the integration of nitrate-AOM and nitrite-AOM into real 
application could be possible, if the configuration where aerobic ammonium oxidizers form 
a layer on top of anammox in the presence of nitrate and/or nitrite-methane oxidizers, this 
remain to be investigated. 
Physiological aspects and growth
Before an application can be developed, there are crucial aspects that need to be addressed. 
The metabolic capabilities of Methylomirabilis bacteria are absent in literature, and the 
estimations made regarding their growth and doubling times are not based in biomass from 
enriched cultures. Similarly, the affinity values for methane reported in literature, come 
from batch incubations and modelling (Winkler et al., 2015). To study a microbial process, at 
least a high enrichment is a necessity if not a pure culture. We devised a strategy to enrich 
Methylomirabilis bacteria without Methanoperedens archaea, under the principle that nitrite is 
exclusively the preferred electron acceptor for nitrite-AOM (Ettwig et al., 2008).
Chapter 4 describes the selective enrichment of Methylomirabilis bacteria. The inoculum 
biomass has been described before in literature (Ettwig et al., 2009), at the time the research 
described here began, a side population of Methanoperedens archaea was present just as 
525565-L-bw-Cruz
Processed on: 31-10-2018 PDF page: 172
172
the original enrichment culture first described in literature (Raghoebarsing et al., 2006). The 
electron acceptor supplied is known to have a decisive role in the end-resulting microbial 
community, as described in Chapter 2, a system supplied with nitrate is likely to result in an 
enrichment of both Methanoperedens archaea and Methylomirabilis bacteria, supported as 
well by other research (Ettwig et al., 2008, Hu et al., 2011) and described in Chapter 3 from 
a different inoculum source. By not including nitrate in the medium, we achieved a bacterial 
culture dominated by Methylomirabilis bacteria and archaea became undetectable based on 
metagenomics and microscopy approaches. Cerium, a rare earth element, is crucial in aerobic 
methanotrophy as a cofactor in the oxidation of methanol catalyzed by methanol dehydrogenase 
(Pol et al., 2014), was included in the trace element solution (see below). 
This culture enabled research regarding the kinetics for nitrite and methane. Under anaerobic 
conditions, the sole dominant methanotroph was a new species of Methylomirabilis bacteria, 
which also possesses a canonical aerobic methane-oxidizing pathway. It is likely that the 
combination of trace elements and biomass removal as challenge to grow, triggered a shift 
in the dominant organism into a new species of the Methylomirabilis genus (Chapter 6). 
With a bacterial culture, dominated by a new species of Methylomirabilis, we estimated an 
apparent median yield of 0.07 Cmole NO2
-
mole
-1 NO2
- which is the first report to our knowledge, 
in addition, we approximated the affinity for nitrite to be 7 µM, and were able to estimate for 
the first time the affinity for dissolved methane at 2.6 ± 0.7 µM. The results described in this 
chapter are essential physiological parameters of Methylomirabilis bacteria that are need for 
their successful application in wastewater treatment for example in combination with partial-
nitritation and anammox (PN/A) systems (Luesken et al., 2011c; van Kessel et al., 2018).
Based on the parameters we determined, it is likely that Methylomirabilis have the capacity 
to be competitive in an applied set up. However, since the first experimental evidence of 
the simultaneous occurrence of both methane and ammonium oxidation, through nitrite as 
common electron acceptor, it was apparent that ammonium limitation was essential to achieve 
a stable culture where the two processes could coexist (Luesken et al., 2011c). Robust control 
systems are crucial to maintain an equilibrium between aeration and the oxidation of ammonia 
to nitrite, key aspect for successful application cases in wastewater treatment in the case 
of anammox and aerobic ammonia oxidizers (Abma et al., 2010). Similar approaches can be 
implemented if nitrite-AOM is applied to similar oxygen limited systems, where in practice the 
concentration of oxygen remains undetectable in optimal conditions. Anammox bacteria have 
in general nitrite affinities below 5 µM and if ammonium is in excess, Methylomirabilis bacteria 
would be at a disadvantage for the availability of nitrite (Luesken et al. 2011c, Oshiki et al., 2011, 
Arshad et al., 2017). 
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Physiology and growth of Methanoperedens archaea.
Chapter 4 has produced relevant knowledge regarding the physiology and growth of 
Methylomirabilis bacteria by studying nitrite-AOM in a highly enriched culture, in the absence 
of Methanoperedens-like archaea. Nitrate-AOM however, could not be studied separately due 
to the strong link with Methylomirabilis bacteria through nitrite as intermediate. 
In this thesis, we have attempted to suppress the bacterial population in a separate bioreactor 
system (data not shown) through the supply of the antibiotic ampicillin. This strategy seemed 
promising, since ampicillin targets the peptidoglycan from bacteria and thus archaea are not 
affected by its mechanism. Initially, an increase in the copy numbers from the mcrA gene was 
observed whereas the 16S rRNA for general bacteria decreased. The ratio between bacteria 
vs archaea decreased from 1.5 to 0.4, and the relative abundance on FISH analysis showed a 
definitive decrease of the bacterial populations (Fig. 1). 
A B
Figure 1 | Fluorescence in situ hybridization of the enrichment. A) Represents the start of the enrichment. 
In green, Methanoperedens archaea (Darch641, fluos), in purple Methylomirabilis bacteria (simultaneous 
hybridization with Dbact193, CY3; Eubmix, CY5), in blue general bacteria (Eubmix, CY5). B) Shows the 
enrichment after 3 months of incubation with ampicillin (1 g L-1 d-1). In red, Methanoperedens archaea 
(Darch641, CY3), in cyan Methylomirabilis bacteria (simultaneous hybridization with Dbact193, fluos; 
Eubmix, CY5), in blue general bacteria (Eubmix, CY5). Probes described by Ettwig et al., 2008. Photos by 
Rawdha Al-Amri
The performance of the reactor was monitored up to 4 months of enrichment with continuous 
supply of ampicillin (data not shown). The structure of the granular biomass evolved into biofilm 
which hindered the physiology studies in batch, and the density of the reactor decreased. The 
nitrate reduction capabilities of this enrichment decreased after 2 months of enrichment due 
to accumulation of nitrite, most likely due to the suppression of the Methylomirabilis bacteria 
and some genera from Proteobacteria known to also reduce nitrite to dinitrogen gas. These 
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findings indicate that in the absence of partner capable of removing the toxic intermediate 
nitrite, the archaea could not efficiently reduce nitrite or not at least in the timeframe tested. 
Without the possibilities to study nitrate-AOM individually, the determination the separate 
affinity for methane of the Methanoperedens archaea was not possible. Furthermore, 
the conditions described in Chapter 4, for Methylomirabilis bacteria, were not optimal due 
to the poor solubility of methane. However, chapter 5 describes the highest enrichment 
of Methanoperedens archaea reported to date, where no significant bacterial partner is in 
abundance. The opportunities for further physiological investigation of the nitrate-AOM are 
described in following sections. 
Methanoperedens archaea and their kinetics.
The solubility of methane is limited to 1.3 mM at ambient pressure, this limitation has been 
released through the enrichment in pressurized systems, in the case of other ANME coupling 
the oxidation of methane to sulfate reduction. In pressurized systems, affinity estimations 
ranging from 1.1 mM up to 37 mM for sulfate-dependent AOM enrichment cultures have been 
reported (Yamamoto et al., 1976; Nauhaus et al., 2002; Kruger et al., 2008; Zhang et al., 2010; 
Timmers et al., 2015). The apparent high Ks value for methane of Methanoperedens archaea, 
are most likely the reason why pure cultures are not available to date, or their yield in a co-
culture where at least two organisms rely on methane as energy source most be unfavorable. 
Oxygen response from a Methanoperedens enrichment culture.
Chapter 3 described a preliminary enrichment of Methanoperedens archaea from rice paddy 
fields. This enrichment was scaled up, with a shorter hydraulic retention time (HRT), an increase 
of 10X of Iron as a trace element and was subjected to biomass removal as a challenge to grow, 
similar to the strategy described in Chapter 4 for Methylomirabilis bacteria. This resulted in 
an enrichment that consisted of dense granular aggregates and had the highest abundance 
of Methanoperedens archaea (83% of relative abundance). We used this biomass to test the 
response of Methanoperedens archaea to oxygen.
Chapter 5 provided answers regarding the effect of oxygen exposure on Methanoperedens 
archaea. Methanogens and methanotrophs co-exist in environments that have oxygen 
exposure, and paddy fields represent a complex environment where both oxic and anoxic 
conditions oscillate within seasons. 
Both methanogenic and methanotrophic archaea are thus subjected to oxygen exposure, the 
question is: do they respond similarly to oxygen stress? 
Methanogens such as Methanosarcina and Methanocella rely on what is referred to as “first 
line defense” mechanisms (Ighodaro et al., 2017), constituted by catalase and superoxide 
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dismutase. Upregulation of these systems has been observed upon the exposure to oxygen 
(Angel et al., 2011). However, the mechanism of action for these defense systems involves 
the production of oxygen as byproduct from the deactivation of the reactive oxygen species 
(ROS), thus producing an inhibitory factor for the catalytic action of mcrA and the rest of the 
reverse methanogenesis pathway. Our analysis indicated that Methanoperedens employs 
a different strategy and utilizes systems of repair where the production of oxygen does not 
occur. Instead, systems for self-repair of oxidized molecules and deactivation of ROS are 
expressed in Methanoperedens where thioredoxins, rubrerythrins, Fe-S assembly proteins, 
and cysteine desulfurases were highly upregulated according to our data. Thioredoxins allow 
the translocation of electrons between cytoplasmic and periplasmic compartments to allow 
the restoration of redox balance, rubrerythrins are scavengers of peroxide species, cysteine 
desulfurases scavenge sulfur from cysteine to allow the assembly of damaged Fe-S clusters 
which is complemented by the assembly proteins (Lyu & Lu, 2018). Overall, we observed that 
Methanoperedens archaea have the capacity to respond to oxygen stress and these systems 
are likely to be responsible for the survival and recovery of Methanoperedens in environments 
subject to oxygen exposure, such as paddy fields.
In wastewater treatment plants, methane and ammonium are produced as end products 
of anaerobic digestion. Methane is a ubiquitous source of GHG from wastewater treatment 
facilities and sewage alike, more so in effluents from anaerobic digesters where dissolved 
methane represents an opportunity for the application of the nitrate- and nitrite-AOM (Wang 
et al., 2017, van Kessel et al., 2018). Extensive reviews have suggested that the integration 
of nitrate- and nitrite-AOM into existing oxygen limited systems in wastewater treatment 
plants, could result in a combined system for the removal of both methane and ammonium. 
Under this scenario, oxygen plays a defining role in the feasibility to achieve an application. 
The present research has described for the first time how Methanoperedens archaea respond 
to oxygen and compliments the knowledge available for Methylomirabilis bacteria (Luesken 
et al., 2012). Under existing oxygen-limited systems, where nitrite is produced by ammonia-
oxidizing bacteria, the exposure to oxygen is a crucial aspect in the successful application 
of the nitrite-AOM process. It has been shown that oxygen exposure in high concentrations 
(>2% v:v in headspace)  results in an irreversible inhibition (Luesken et al., 2012), whereas 
lower concentrations (<2% v:v in headspace) does not seem to hinder the performance of 
Methylomirabilis bacteria, however these observations relied solely on activity of the culture 
and not verified through omic approaches (Kampman et al., 2018).
In this thesis, some of the questions on physiology, growth, response to oxygen, all which 
are relevant for application in wastewater treatment were addressed. The affinity for methane 
and nitrite of Methylomirabilis bacteria seem to be comparable to canonical methanotrophs 
and anammox, respectively. This suggest that although competitions for substrate occur in 
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a complex community setting, fine-tuning of oxygen supply and a balance between aerobic 
ammonia oxidation to produce nitrite, could create the conditions where all processes could 
co-exist. Anammox bacteria however, are known to outcompete Methylomirabilis bacteria if 
ammonium is supplied in excess (Luesken 2011c, Arshad et al., 2017, Stultiens, unpublished 
data). Oxygen has shown an irreversible inhibition to the metabolism of Methylomirabilis 
bacteria, however if aerobic ammonium oxidation occurs efficiently, oxygen concentrations 
in these systems would remain under detection limit (Kampman et al., 2018; Stultiens, 
unpublished data).
Those major aspects seem to play a significant role in the ecophysiology of relevant processes. 
But what about those seemingly “minor” details? Most enrichment have relied in similar 
composition of trace elements, once a success story is published, the medium composition 
hardly changes. Here we also investigated relevant aspects such as cerium as a trace element 
with a crucial role in the metabolism of Methylomirabilis bacteria and Iron as a defining factor 
for the enrichment of Methanoperedens archaea. 
Limitations for physiology work and enrichment growth
Cerium is a key co-factor for methane oxidation 
Cerium, and in general rare earth elements (REE) play a crucial role in methanotrophy during 
the second step of aerobic methane oxidation, catalyzed by methanol dehydrogenases (MDH), 
and in particular those encoded by xoxF genes (Pol et al., 2014). The genome of ‘Ca. M. oxyfera’ 
encodes for three MDH’s in the same cluster, one is a canonical MxaFI and two XoxF-type 
of MDH (XoxF1 and XoxF2). MxaFI, contains the cation calcium as cofactor and forms the 
catalytic site with PQQ (Keltjens et al., 2014; Wu et al., 2015). Similarly, as ‘Ca. M. oxyfera’, 
the new species described in Chapter 6 ‘Ca. M. lanthanidiphila’ also encodes for XoxF MDH, 
however only one copy of the gene is present in the genome and is most similar to XoxF2 in 
its original relative, the differences and similarities between the two are described in detail 
in Chapter 6 (Versantvoort & Guerrero et al., 2018). Since lanthanides play a crucial role in 
the catalytic activity of XoxF encoded MDH’s, and these enzymes seem to be a common trait 
of Methylomirabilis bacteria to our knowledge, Cerium most likely played a role in the shift 
and enrichment of the new species ‘Ca. M. lanthanidiphila’ from the original enrichment from 
Ettwig et al., dominated by ‘Ca. M. oxyfera’.
It would seem as if XoxF genes are an original and widespread feature in the NC10 phylum 
and more specifically in the Methylomirabilis genus. The thought of MDHs in Methylomirabilis 
relying on Calcium, may have been induced by the lack of Cerium in the original enrichments 
in lab scale bioreactors, prompting the cell to acquire Calcium-based subunits such as the 
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one encoded by MxaI, that facilitate the incorporation of Calcium as cofactor in the active site 
(Ettwig et al., 2010). 
The optimization of trace elements has been shown to have beneficial effects in reactor activity, 
specifically copper and the methanol dehydrogenase cofactor PQQ (He et al., 2015b; Hatamoto 
et al., 2018). Attempts to supplement our enrichment with PQQ did not result in any apparent 
beneficial effect (data not shown). 
Copper is another element that is crucial for the activity of Methylomirabilis bacteria, currently, 
the medium concentration of this element is approximately 5 µM. The original medium 
composition included 5 times less copper than the current concentration, prior to our medium 
optimization. Copper is a very important cofactor for a wide range of microbial processes, and 
redox reactions in the nitrogen cycle are not an exception (Kuypers et al., 2018). The initial step 
of aerobic methane oxidation catalyzed by methane monooxygenases also relies on copper 
as cofactor in the active site (Culpepper et al., 2012). Recently it has been demonstrated 
that there is a correlation between the concentration supply of both copper and PQQ on the 
nitrite reducing capacity of Methylomirabilis enrichment cultures. In the case of copper, a 
concentration of 6 µM proved to be optimal, whereas PQQ was supplied in a concentration of 2 
nM only but resulted in a clear increase in the activity of nitrite reduction coupled to methane 
oxidation (Hatamoto et al., 2018). 
Iron, and its effect on Methanoperedens enrichment
Nitrate is not the only electron acceptor Methanoperedens archaea are able to use to oxidize 
methane. Iron reduction coupled to methane oxidation is a process mediated by members of 
the Methanoperedens archaea (Ettwig et al., 2016; Cai et al., 2018). Iron as a trace element has 
a much more important role in the physiology and enrichment of Methanoperedens archaea. 
The involvement of Iron in the physiology and enrichment of not only Methanoperedens but all 
forms of life, is due to the capacity to form complexes with many elements that can serve as 
electron acceptors in all redox reactions (Liu et al., 2014). In specific microorganisms such as 
anammox bacteria, the role of Iron becomes more important due to the high amount of iron-
containing proteins, such as cytochromes, of which anammox encodes for more than 60. The 
proportion of iron-containing proteins in anammox can reach up to 50% of its protein mass 
(Ferousi et al., 2017). In the case of Methanoperedens archaea, 43 proteins were identified 
as multiheme containing c-type cytochromes and is the highest number reported for ANME 
archaea (Arshad et al., 2017; Ettwig et al., 2016). 
Despite the high number of cytochromes, which is a late discovery in the case of 
Methanoperedens archaea, the inclusion of Iron in media composition of different enrichments 
differs greatly. Anammox bacteria have a concentration of 30 µM whereas the concentration 
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in Methanoperedens or Methylomirabilis enrichments is below 5.4 µM (van de Graaf et al., 
1996; Versantvoort & Guerrero et al., 2018, Chapter 4-Suppl. Table 2). Undoubtedly, the low 
concentrations of Iron as a trace element must be a defining factor in the slow progress towards 
the enrichment of these archaea. The enrichment where ‘Ca. Methanoperedens nitroreducens’ 
was described in 2013, had an Iron concentration of 40 µM (Haroon et al., 2013). Recently, these 
differences in iron concentrations were highlighted and research on the specific influence of 
Iron as a trace element was investigated with stringent emphasis on the lack of relevance 
given to Iron (Lu et al., 2018). In long term incubation with increasing Iron concentrations, 
80 µM showed to be the optimal concentration with the highest nitrogen removal rate. This 
was performed in an enrichment dominated by nitrate-AOM and nitrite-AOM microorganisms 
with an enrichment level of 25% and 40%, respectively. (Ding et al., 2017, Lu et al., 2018). 
By increasing the Iron concentration, Lu et al., managed to obtain a higher enrichment of 
Methanoperedens archaea with 65% of relative abundance. 
In Chapter 5, we applied a higher concentration of Iron in the medium up to 35 µM. We achieved 
an enrichment of 83% of Methanoperedens archaea based on metagenomics. This is the highest 
enrichment reported in literature to date. Currently the concentration of Iron in the medium 
is 60 µM, and the biomass offers new opportunities to investigate physiological aspects of 
nitrate-AOM in a highly enriched culture with no significant bacterial partner. Instead, a rather 
than a small side population composed by minority groups and marginal proportion (<2%) of 
Methylomirabilis bacteria.
Where is nitrate-AOM and nitrite-AOM research headed?
During the research on the microbial ecophysiology of nitrate-AOM and nitrite-AOM 
microorganisms, it has become apparent that regardless of inoculum source, nitrite is an 
intermediate product from the metabolism of Methanoperedens archaea that will always 
support a subpopulation of Methylomirabilis bacteria or anammox bacteria if ammonium is 
present. 
Methylomirabilis bacteria will always have an advantage in environments where methane is in 
excess and nitrite is limiting, thus thriving from the metabolism of Methanoperedens archaea 
or from nitrite produced by other nitrate-reducing bacteria. The competition for nitrite, is 
dependent on the affinity for this substrate. The most relevant example is the competition with 
anammox bacteria, where in the presence of sufficient ammonium, Methylomirabilis bacteria 
are less competitive for the consumption of nitrite versus anammox bacteria (Luesken et al., 
2011). 
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Strategies to separate nitrate- and nitrite- methane oxidizers in co-cultures
Higher enrichments if not pure, are needed to study the physiology of a single organism. In 
this thesis, we achieved a bacterial culture dominated by a new species of Methylomirabilis 
bacteria ‘Ca. M. lanthanidiphila’. This culture allowed us to investigate relevant aspects of their 
physiology and growth.
For Methanoperedens archaea, the obstacles to achieve an archaeal culture are of higher 
complexity. 
Enrichment in the presence of antibiotics targeting peptidoglycan, showed initial promising 
results. However, in the time frame tested, the culture could not adapt to the biomass decay 
conditions and nitrate consumption stopped after 4 months. Other possibilities to separate both 
microorganisms could be using the remarkable feature of some species of Methanoperedens 
archaea to utilize Iron for the oxidation of methane (Ettwig et al., 2016). Recently, a new species 
of Methanoperedens archaea was enriched under Iron reducing conditions and methane as 
electron donor (Cai et al., 2018). These results indicate that iron-reduction is a common trait 
for Methanoperedens archaea, which could be used to achieve a highly-enriched culture of 
these microorganisms. 
Recently it was reported that by incubating a co-culture of both nitrate- and nitrite-methane 
oxidizers in microbial fuel cells. The population of ANME-2d archaea increased in the surface 
of an electrode, where seemingly, nitrate was not required as electron acceptor. Further 
enrichment and investigation are needed to show that Methanoperedens archaea are indeed 
responsible for the direct decoupling of nitrate-dependent methane oxidation into electrogenic 
oxidation of methane, since other bacterial members such as Ignavibacteria and Geobacter 
were enriched as co-cultures on the surface form the electrodes (Ding et al., 2017).
Regardless of the method, a high enrichment of Methanoperedens archaea is crucial for 
the characterization of its biochemistry and physiology. If long term incubation with Iron as 
electron acceptor or the growth on microbial fuel cells does not yield high enrichments, a 
synthetic co-culture fed with both ammonium and methane where anammox bacteria rely 
on the metabolism of Methanoperedens archaea as sole methane-oxidizing organism, seem 
promising for the investigation of the nitrate-dependent methane oxidation (Stultiens et al., in 
preparation).
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More questions
From this research it can be concluded that Iron plays most likely a role in the selective 
enrichment of Methanoperedens archaea, and with such a high enrichment level achieved, the 
response and recovery to oxygen can be studied further. Furthermore, with 83% of enrichment, 
the physiology of these archaea can be studied.
The nitrate affinity can be better studied since, the enrichment achieved does not have a 
significant bacterial partner that could mask the real affinity of the archaea through secondary 
denitrification from nitrite. 
The highly enriched culture from chapter 5 can be used in addition to:
1.  Characterize the affinity for dissolved methane.
2.   Characterize the ammonium production potential, in the absence of an abundant nitrite-
scavenger such as Methylomirabilis or anammox bacteria.
The research on nitrate-AOM and nitrite-AOM microorganisms demands patience and 
dedication. Nevertheless, these microorganisms have very interesting metabolic features 
that will yield more results in the future. From fundamentals like the mysterious nitric oxide 
dismutase from Methylomirabilis to the real application in wastewater treatment coupled to 
partial nitritation systems, there is a lot to keep more researchers busy for years to come. 
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